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SYNOPSIS 


Nonlinear optical interactions have been studied in various material like atomic /molecular 
vapours, liquid crystals, photorefractive materials, semiconductor glasses, polymers and organics. 
This has been possible because of the availability of a wide range of laser wavelengths with 
equally wide range of powers. For our mvestigations we have chosen organic dye molecules 
doped in boric acid glass films. Strong absorption of organic dyes make them particularly 
suitable for nonlinear optical investigations in the visible region. The saturation of the So — > 
transition is the dominant mechanism for the nonlinearity in these systems. However nanosecond 
lifetime of the excited state Si transition requires high power pulsed lasers with peak powers 
domain in the MW range to saturate the So — > transition. The radiative lifetime of the lowest 
triplet state is quiet long but quenching mechanisms in liquid environment lead to considerable 
shortening of its lifetime. Thus the triplet state is not effective in reducing the saturation power 
levels in the liquid solutions of dyes. In a rigid environment, the triplet state regains its radiative 
lifetime ranging from few milliseconds to seconds. Correspondingly, the power requirements for 
saturation of the — > Si transition in a solid matrix are considerably reduced. This allows 

the observation of large (resonant) non-linear optical effects at incredibly low power levels 
available from continuous wave (CW) gas lasers. We have used 4-15 Watts CW Argon ion 
lasers to investigate non-linear optical properties of Rhodamine 6G, Fluorescein and Porphyrin 
derivatives doped in boric acid glass film of nominal thickness in the range of 30-50 ixm. 

The samples were in the form of thin films sandwiched between glass slides. Most of the 
Argon ion laser wavelengths are resonant with the So -> Si transition of these dye-host systems. 
In this thesis, we have investigated saturation behaviour of these systems within the framework 
of rate equations. We have also studied two beam coupling and nearly degenerate four wave 
mixing in these systems. The effect of structural modifications in porphyrin derivatives on their 
non-linear optical properties has been attempted. 

Chapter 1 : Introduction 

The basics of the nonlinear optics are developed in this chapter. A brief description of different 
nonlinear processes and their origin in various materials are also discussed. The chapter ends 
with the setting up the aims of the present thesis. 

Chapter 2 : Saturable Absorbers 

In this chapter we present theoretical considerations for the origin of the optical nonlinearities 
in saturable absorbers to which the dye doped solids (the system investigated in this thesis) 
belong. Mathematical modeling of saturable absorbers are done in this chapter in the context 
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of three levels and four level systems using the rate equations approximation. 

Chapter 3 : Sample Preparation and Characterization 

The samples used for these studies are in the form of sandwiched films with nominal thickness 
in the range of 30-50 fim. Method of their preparation is discussed in these chapter. Ordinary 
methods for the measurement of thickness of films are not applicable to the sandwiched film 
used in the present work. A special method exploiting nonlinear behavior of these films has 
been used to measure film thickness. The absorption and emission spectra of Rhodamine 6G 
and Fluorescein doped in boric acid glass films are presented in this chapter. The saturation 
characteristics of R6G doped in BAG film at different wavelengths of the Argon ion laser are 
examined in the light of the discussions in chapter 2 

Chapter 4 : Two Beam Coupling in R6G doped BAG Films 
In this chapter the results of our investigations on the energy transfer between two beams of 
slightly different optical frequency propagating in R6G doped in BAG film are presented. A 
theoretical framework for these studies is first presented. This is based on the work of Zilio 
et.al. for two beam coupling in saturable absorbers. For saturable absorbers, it is necessary to 
introduce a frequency difference in the beams to be coupled. This is achieved by reflecting one 
of the beams off a peizomirror driven by a triangular voltage waveform. Frequency shifts upto 
50 Hz, were achieved for our system. The two beam coupling signal disappears in the absence 
of the frequency shift. Experimental results on two beam coupling were interpreted in terms of 
the theoretical models developed. 

\ 

Chapter 5 : Nearly Degenerate Four Wave Mixing in Dye Doped Solids 
Nearly Degenerate Four wave mixing technique has been used in this part to study the ground 
state relaxation at room temperatures in various crystals. It has also been used to study the 
hyperfine levels in atomic systems. We use this technique to study the triplet lifetime of the dye 
doped glasses. Experimental techniques used for two beam coupling are discussed in chapter 
4 were used for these studies. The ground state relaxation in this systems primarily takes place 
in the form of repopulation of the ground state via the Ti — > phosphorescent transition. 
These frequency domain experiments can provide accurate information on the phosphorescent 
lifetime. The results of our investigations on Rhodamine 6G and Fluorescein doped boric acid 
glass are presented in this chapter. We have used the optical phase conjugate wave to extract 
information on ground sate relaxation in these studies. 

Chapter 6 : Effect of structural modification on the third order nonlinearity in 
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Tetraphenylporphyrin doped in boric acid glass 

Structural changes in organic systems could lead to change in the speeds and strengths of the 
optical nonlinearities. In an attempt to study the effect of structural changes on third order 
nonlinearity we chose the planar molecule Tetraphenylporphyrin as a base molecule on which 
various structural modifications were carried out. Various chemically substituted porphyrin 
molecule were S 2 TPP, TPP(N02)4 and BrTPP we chose the first order diffracted signal in 
self-diffraction geometry to characterise the optical nonlinearity of these systems. The results 
are interpreted qualitatively in terms of the effect of structural changes on the tt delocalisation. 

Chapter 7 : Summary and Conclusions 

We present the summary of the work done in this thesis and end with outlining some further 
studies which can be carried out on these systems. 
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Chapter 1 


INTRODUCTION 


In non-lmear optics, unlike in linear optics, the optical properties of a medium such as 
Its refractive index and the absorption coefficient get modified in the presence of the light 
field. Transparent optical materials were assumed to be essentially passive, unaffected by light 
traveling through them. High powers of laser beams made it possible for the first time to observe 
changes in the optical properties of such media. Intense light field can change the refractive 
index and/or the absorption coefficient of an optical material. When this happens, the light 
itself is affected by the change it has produced, in a variety of ways. The nonlinear response of 
the medium may then generate light with new colours, harmonics of the input light frequency, 
and when the input field contains multiple frequencies, the sum and the difference frequencies 
may be generated in the process. Further, the materials which are strongly absorbing at low 
incident light power may turn wholly or substantially transparent at high input powers. These 
are some of the manifestations of non-linear optics - a field which has seen a phenomenal growth 
with the advent of lasers. 

The second harmonic generation experiment of Franken ei.a/.[l] marked the beginning of 
the applications of lasers to the field of nonlinear optics. They sent the beam from a ruby 
laser at 6942A into a ruby crystal and observed 347lA radiation, in addition to the red line 
of the ruby laser. Harmonic generation of electromagnetic waves at low frequencies has been 
known for a long time. It should also be possible to observe harmonics of optical waves. Yet 
an ordinary light source is too weak for such an experiment. Only after the lasers, intensities 
sufficient to observe second harmonic generation and other nonlinear effects were realisable. In 
a second harmonic generation experiment a coherent input beam generates another coherent 
beam. Nonlinear optics deals with nonlinear interaction of light with matter. Second harmonic 
generation is not the first nonlinear optical effect to be observed. Optical pumping-a nonlinear 
phenomenon was exhaustively studied by Kastler before the advent of lasers. Resonant 



2 


Chapter 1 


excitation in the optical pumping experiments induces a redistribution of level populations and 
changes the properties of the medium Because of resonance with the atomic transition, light 
from conventional sources is able to perturb the material system to the extent that the optical 
pumping can be detected. CW atomic lamps were used in the early experiments on optical 
pumping Optical pumping is also one of the effective ways to create inverted populations. 
In general, however observation of nonlinear optical effects requires the application of lasers 
In comparison to blackbody radiation and radiation from other sources such as isotope lamps, 
laser light possesses high degree of brightness and coherence. As a result it is easier to induce 
a nonlinear effect in the medium with laser light. Numerous nonlinear optical phenomena have 
been since discovered. They have not only greatly enhanced our knowledge about the interaction 
of light with matter, but also brought a revolutionary change in optical technology[3-13] 

In this chapter we give a brief introduction to nonlinear optics, mentioning some of the 
commonly observed nonlinear phenomena and the physical mechanisms responsible for their 
occurrence. The origin of the nonlinear optical interactions at the microscopic level will be 
discussed in the context of two-level system. In the concluding section, we set the aim of the 
investigations carried out in the thesis. 

1.1 Formulation of Nonlinear Optics 

All optical phenomena (linear and nonlinear) deal with the propagation of light waves 
in a medium. For linear optical phenomena, the medium simply changes the phase and the 
amplitude of the input light waves propagating through it to the extent determined by the real 
and imaginary parts of its refractive index which remains unchanged by the presence of light. 
In non-linear optics, the refractive index of the medium its real and/or the imaginary parts are 
changed by the presence of the light fields. These changes in the refractive index can lead to 
the appearance of new fields which are not present in the input light but are somehow related 
to them. All these effects, at least in principle are described by the wave equation, 

or 

e — = — (P^-^) (1 2) 

where G is the permittivity of medium and E is the total electric field present in the medium, 
P is the linear polarization, is the non-linear polarization produced in the medium by 
the input fields. The medium polarization is quiet difficult to handle because the polarization 


( 1 . 1 ) 
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at a given point in the medium at a certain instant of time may depend on the electric field 
not only present at that point and at that instant but may depend on the fields at points 
in its neighbourhood and at earlier times as well. The later effect arises because the growth 
and decay of the medium polarization are not instantaneous but have characteristics relaxation 
times Further, the induced polarization can be in the form of the distribution of the electric 
dipoles and higher moments induced in the medium by the light fields Higher moments in most 
situations can be neglected. 

For input fields which are not too strong, it is possible to expand the induced polarization 
as power series. 


P{r,t) = P^{r,t) + P^^{f,t) (1.3) 

P{f,t) = P^^\r,t) + P^'^\r,t) + .... + P^^\f,t) (1.4) 

The first term in this expansion is the linear polarization because it is linearly related to the 
electric field. This term alongwith the static polarization, if present, completely describe linear 
optics. The higher terms in the above expansion grouped together constitute the non-linear po- 
larization and are responsible for the phenomena observed in non-linear optics. The relationship 
among the polarization terms and the electric fields can be expressed as, 

p(i)(r,t) = (1.5) 

and 


P^'^\r,t) X^''\r,t-,ri,ti..rn,tn).E{ri,ti)..E{rn,tn)dridti..drndtn ( 1 . 6 ) 

Here, cq is the permittivity of vacuum and are the tensors. Since the atomic size is much 
smaller than the wavelength of light, the local field in the neighbourhood of a point in the 
medium can be taken as homogeneous, making the susceptibility tensor space invariant. This is 
the electric dipole approximation. In general, one may have to solve the integro-differential wave 
equations which is obtained by substituting the above expression for the medium polarization 
in the wave equation (1.2) At times the Fourier transform representation for the electric fields 
and the polarization may be preferred. Defining, 



^ p dujdkE{co, 

(1.7) 

P(r, t) = 

Jl J°° dujdkP{oj, 

(1.8) 
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B{iu) = r (1.9) 

VZtt J-oo 

Piiuj) = r ( 1 . 10 ) 

\/27r J-oo 

It is possible to write, 

P{k,u)) = + ... (1.11) 

where 


P^^\k,uj) — 

P^^\k,to) = x^^H^ = ki + kj + kk,ct} = (Vi + ujj + Uk) 

E{k^,Ut)E{kj,Uj)E{kk,ujk) ( 1 - 12 ) 


Hence are the crucial material parameters which determine the strength of the nonlinearity. 
They are intimately related to the microscopic structure of the medium and can be evaluated only 
with a full quantum-mechanical treatment. It is usually not possible to get direct experimental 
values for these quantities. However a number of techniques exist to extract information on 
them. 

The electric field E propagating in the medium in z the direction can be expressed in terms 
of the plane waves, 




- ^ 

similarly the polarization P can be written as. 




EP»(r,t)e-<"<‘-‘;’) + c.c 


Making the slowly varying envelope approximation (SVEA), ■ 


d'^A 

dz'^ 

d'^A 


^ l«l 


dAj 


l«l 


dP 


dAj 


(1.13) 


(1.14) 


the wave equations(1.2) leads to a set of coupled equations for the field amplitudes 


(1.15) 

(1.16) 
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Vi A, + 2ik,^ = (117) 

az ^ 

where Vi is the transverse part of the Laplace operator, A/cj = (kj — kj) is the wave vector 
(phase)mismatch between the field and the polarization for the frequency. The right hand 
side in of Eqn.1.16 is the source term for the new waves. An order non-linear process will be 
characterised by the susceptibility tensor Even second and third order nonlinear processes 
generate a host of new phenomena. Physical processes taking place in different phenomena can 
be quiet different. We shall discuss some of these processes in this chapter. Before we do that 
we briefly describe another interpretation of nonlinear optical interactions which can be better 
appreciated in physical terms. It is possible to conceptualize the non-linear optical interactions 
in terms of the so called grating picture described below. 


1.2 Grating Picture 

Two coherent input fields interfering in a medium set up an interference pattern which will 
be stationary if the interfering fields are at the same frequency. If on the other hand the two 
fields have somewhat different frequencies, the interference pattern changes with time. Such 
an interference pattern is called a moving interference pattern. If the presence of the electric 
field can result in a change in the medium properties in some way, the extent of the change 
will vary from point to point depending upon the nature of the light interference pattern. The 
change can be in the density of the medium or in the distribution of the number of excited 
species in the medium. This modulation of the optical properties of the medium in the form of 
density changes or the changes in the excited state population or in any other from is akin to a 
diffraction grating and is referred to as ‘Laser-Induced Grating’[ll]. The modulation in any form 
changes the refractive index and/or the absorption coefficient of the medium. Modulation in 
refractive index alone gives rise to a ‘phase grating' and modulation in the absorption coefficient 
alone is interpreted as an ‘amplitude grating'. In general, however phase and amplitude gratings 
are present simultaneously. These gratings too, will be nonstationary if the interfering fields 
have somewhat different frequencies[14]. More than two coherent fields in the medium will 
give rise to more complex gratings. Density changes give rise to a thermal grating whereas 
population changes induce a population grating. 

The beams producing the Laser Induced Grating (LIG) subsequently get diffracted from 
these gratings resulting in what is known as 'self-diffraction'. These gratings are called dynamic 
gratings as these are created only in the presence of external light fields. One can also use 
these gratings just like the usual gratings to study diffraction of any other light beam. The 
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diffracted beams will appear in phase-matched directions. The gratings formed in isotropic 
materials are scalar gratings whereas in anisotropic materials we have tensorial gratings because 
of the existence of preferred directions for the induced polarization. 


1.3 Nonlinear Phenomena and mechanisms 

Within the scope of the perturbation approach (Eq. 1.4), one may talk of nonlinear optical 
processes of different orders. The order non-linear process is characterised by the polarization 
of order (Eq. 1.12) which involves a product of 'n' field components. 

The second and third order nonlinear effects are among the most commonly observed non- 
linear effects, although at times, fairly high order non-linearities can be observed. The second 
order is the lowest order nonlinearity. But it can be observed in media lacking inversion symmetry, 
hence it is not a universally observed nonlinear process. There is no such restriction on the 
third order non-linear process. Therefore the third order nonlinearity is the universally observed 
lowest order nonlinearity. The second order processes include sum-difference generation, second- 
harmonic generation, linear electro-optical effect (Pockels effect), optical rectification, three 
wave parametric fluorescence, etc. The third order processes include third harmonic generation, 
degenerate and non-degenerate Four wave mixing, DC Kerr effect, DC-induced second harmonic 
generation, non-degenerate two-photon absorption, stimulated Raman scattering, stimulated 
Brillouin Scattering etc. Optical phase conjugation is a four wave mixing process, where the 
third order polarization radiates a wave whose spatial part is the complex conjugate of one of 
the three input waves. 

The physical origin of the nonlinear optical phenomena can be traced to various factors like 
structural modifications produced by light fields, orientational changes of the molecules in the 
presence of the light fields, thermally induced modulation of permittivity produced by light fields, 
etc. Light-induced structural changes may manifest through a change in the electronic density, 
in the average inter-atomic distance, in molecular orientation, in phase transition, etc. Further, 
they can be categorised as passive and active non linearities. In the first category are those 
phenomena in which the optical frequencies are far from resonances of the medium (known as 
nonresonant , nondissipative’ or ‘passive’ nonlinearities), and in that case the exchange of en- 
ergy between the field and the medium is through virtual excitations. Examples of this category 
are second- and third- harmonic generation. In the second category are those phenomena which 
are dissipative (active or dynamic nonlinearities) in this case the flow of energy from and to the 
optical field is through real energy transitions of the medium by processes of absorption and 
emission. Examples of nonlinear-optical phenomena in this category include Stimulated Raman 
scattering, two-photon absorption saturated absorption, etc. An important practical distinction 
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between various nonlinear processes is in their widely differing response times The response 
time is a vital limiting factor for some important applications, such as optical switching and sig- 
nal processing. In the case of nonresonant or passive nonlinearities the response of the medium 
can be extremely fast - a few femtoseconds in some cases. Resonant non-linearities involve 
real transitions and are much slower but stronger and the important parameters in this case are 
the material relaxation times which are orders of magnitudes slower For gaseous media these 
typically fall in the nanosecond or microsecond range whereas in case of photorefractive material 
where there is displacement of charge carriers the response time is usually in milliseconds. 

All nonlinear phenomena having different forms of manifestation have microscopic origin. 
The macroscopic polarization discussed earlier in this chapter is somehow to be connected to 
changes taking place at the microscopic level. We take a simple two level atom to develop this 
relationship 


1.4 Two level atom 

In section 1.1, our treatment of nonlinear optical processes has made use of power series 
expansion in terms of the incident electric fields to relate the response of the material system 
to the strength of the applied optical field In simpler situations, it is possible to express this 
relationship in this form, 

Pit) = eo + ..] (i.is) 

However there are circumstances when the power series expansion does not converge. Alternate 
approaches must be found under these circumstances to describe the nonlinear optical effects. 
Under conditions of resonant excitation of a medium, the perturbative techniques fail to an 
adequately describe the response of the system to an applied optical field. However under these 
circumstances, it is usually possible to deal with only these atomic levels which are resonantly 
connected by the optical field. The contributions from other levels can usually be ignored. 
The increased complexity entailed in describing the system in a non-perturbative manner is 
thus partially compensated by concentrating on a small number of levels. This description may 
ignore many of the features in the real atomic systems. Still a great deal can be learnt about 
the non-linear processes in terms of two, three or four level models of atoms and molecules. 

Most of the time we are interested in knowing the macroscopic polarization in a given 
ensemble of the atoms or molecules. Density matrix formalism is one such formalism for which 
the expectation value of the desired quantity can be formed after statistical averaging over 
th ensemble. As we shall see, this approach can describe the non-linear interactions non- 
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Figure 1.1: Two level atom (Upper level is ‘b’, and lower level is ‘a’). 


perturbatively[9]. 

We denote the lower atomic level as ‘a’ and the upper level ‘b’ in Fig.1.1. For the moment 
we do not consider any kind of relaxation process and consider a closed two level system. Thus 
there is no loss of population. Such a two level system can be described by the Hamiltonian 

H = Hq + Vlt) (1.19) 

where Hq is the atomic Hamiltonian and the interaction Hamiltonian V{t) = fi.E describes the 
interaction of the atom with the electromagnetic field E. We denote the energy eigen values 
of the state ‘a’ and 'b' as Ea = fiUa and E^ = hub respectively in the dipole approximation. 
The Hamiltonian H can be represented by the diagonal matrix whose elements are given by 

Ho,nm ~ Ejn^nm ( 1 . 20 ) 

We also assume that the atomic wave functions have definite parity so that the diagonal matrix 
elements of V (t) vanish. We describe this system in terms of a density matrix p 


Paa Pab 
Pba Pbb 


( 1 . 21 ) 


where p^a — Pab- The time evolution of the elements of the density matrix is given by 


Pnm 


h 

—i 

T 




( 1 . 22 ) 
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Decomposing the Hamiltonian into atomic and interaction parts, 


Pnm — '^^nmPnm 



(1.23) 


where ojnm = ((-En — Em)/TT) is the transition frequency and n,m and v correspond to any of 
the two states (a, b) of the atomic systems. The above equations constitute the density matrix 
equations of motion for a two-level atom in the absence of relaxation processes. 

Further in this closed system let us assume that the ‘on diagonal’ terms relax with a 
rate rba{= V^i) upper level b to lower level a and the ‘off diagonal’ terms with a rate 
76a(= 1 /^ 2 )- Then the equations of motion of the density matrix elements get modified. The 
diagonal elements of the density matrix p represent the probability of occupancy of levels, so 
that 


Phb + Paa — 1 


(1.24) 


Let us assume that at thermal equilibrium the population difference between the levels a and b 
equilibrate to (pbb — Paa^^- Away from equilibrium, the rate of change of population difference 
(Pbb - Paa). takes the form 


d 

dt 


{Pbb Paa) — 


{Pbb Paa) {Pbb Paa)^'^ 


Ti 


^ {y^baPab PbaVab) (1.25) 


d It 

^(Pba Paa) ~ {ioJba "F )Pba "F "^^bai^Pbb Paa) (1.26) 

Thus the density matrix equations of motion are reduced to the coupled equations which need 
to be solved. Let us briefly digress on the physical interpretation of the on-diagonal and off- 
diagonal relaxation terms. By setting Vba = 0 in Eq. 1.25, we see that in the absence of the 
external field the initial population difference of levels relaxes to its equilibrium value with a 
characteristic time Ti. Consequently the relaxation time Tx represents the population relaxation 
time. Similarly in the absence of the field, the off diagonal terms evolve as 


= fta(O) 


(1.27) 


This can be more physically interpreted by considering the expectation value of the induced 
dipole moment which can be calculated from the trace of the matrix {p,p) and is given by 


{pt)) = (fi«ipi«(0)e + c.c]e *1^ 


(1.28) 
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This results shows that for an undriven atom the dipole moment oscillates at the frequency 
{uha) and decays to zero in a characteristic time T 2 which is known as the dipole dephasing 
time T 2 . In the presence of the monochromatic field of frequency u) 

Elt) = + E*e^^) (1.29) 

the matrix element of the interaction Hamiltonian are given as 

Ha = + E*e'^^). (1.30) 

From Eq. 1.27 we see that tends to evolve in time as exp(— wjai). Hence when a; wja, 
the part of Ha that oscillates as would be better driving term than the part that oscillates 
as This is the rotating wave approximation (RWA) which we shall make use of to solve 
the density matrix equation. Rewriting 


Pba — j 


(1.31) 


the steady state solutions of the two coupled equations can be obtained as 


Pbb Paa — 

Pba = <Jbae~^^ = 


{Pbb-Paay‘^[l + {uJ-UJbayTi] 
l + icv- 

PbaEe-^\pbb - Paa) 

h{u} - Uba + ^) 


(1.32) 

(1.33) 


These expressions can be used to calculate the macroscopic polarization which is given in terms 
of off diagonal elements of the density matrix by 


P{t)= iV(p(f)) ^NTvCpp) (1.34) 

^(.PabPba "F PbaPab) (1.35) 

where N is the number density of atoms. The susceptibility x is given as P/E where P is the 
complex amplitude of the polarization. 


^(Pbb - Pgay^lptbal^juJ - Uba ~ jr)Ti /H 
1 + (CU - U^ba^Ti + {■^)\p-ba\^\E\^TiT2 


(1.36) 


The above expression gives total susceptibility of two level atoms including the linear and non- 
linear contributions. Introducing 
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,, ^ -ao(0) / 1 \ 1 

47rcoi,a/c \1 + n^TiT 2 ) 1 + A‘^Ti/{l + Q.'^TiT^) 


(1.42) 


We see from these expressions that in the presence of intense laser field ^ has standard dispersive 
lineshape and x" has a Lorentzian lineshape. And each of these line profiles have been broadened 
by the factor I/vT+TPTYT^- The broadening of spectral lines because of the intense optical 
fields is known as ‘power broadening'. The line center value of also has decreased with 
respect to its weak field value by the factor l/\/l + Q?TiT 2 . 

Figl.2 shows the variation of the real and imaginary parts of Xi as a function of detuning for 
various values of the excitation parameters Vt^TiT^. The imaginary part which is proportional to 
intensity dependent absorption, decreases as the intensity is increased and leads to ‘saturation' 
of the absorption coefficient. The real part of x also decreases with increasing intensity, leading 
to saturation in dispersion. At higher intensities, the spectral lines become broad showing ‘power 
broadening’. 

In this formalism we have not made any assumption about the strength of the field, hence 
it is a non-perturbative approach. We can however perform power series expansion of x in terms 
of Q?TiT 2 for low field strengths and compare term by term the results with those obtained 
through the perturbation approach. 

Thus with a simplified two-level model, we can describe various non-linear phenomena. As 
evident, from the assumptions made in treating this model appropriate modifications would be 
necessary to deal with real atomic /molecular systems where the energy level schemes involve 
large number of levels which may be radiatively or nonradiatively coupled to the selected two 




Figure 1.2; Variation of real and imaginary parts of the x (in units of aQo/A-KUba) as a 
function of the optical frequencies w for several values of the saturable parameters Ta- 
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1,5 Aim of the Thesis: 

We have seen in the preceding section how a simple two-level model is able to provide a 
framework to describe nonlinear effects. However the actual physical systems of atomics and 
molecules are too complex to be understood by the simplified two level model. In this thesis, 
we concentrate on organic dye molecules doped in boric acid glass. Such systems constitute 
saturable absorbers as the absorption of these system can be reduced (saturated) by the optical 
field. The dye-molecules have band-like structure of vibrational and rotational modes, definitely 
far away from the idealized structure of sharp energy levels of the two level system. The fast 
relaxation rates in the intra-band transitions allow us nevertheless, to assume the energy level 
structure to be sharp in a certain sense. The Sq Si band of the organic dyes lies in the 
visible range overlapping with the emission lines of an Argon ion Laser. Hosting the dye in the 
glassy medium enhances its triplet lifetime thereby reducing the lightpower required to observe 
the nonlinearity in the medium. We model this kind of saturable absorber in Chapter 2 as a 3 
level system consisting of ^o, Si and Ti or a 4 level system consisting of Sq, Si, Ti and T 2 
states, interacting with visible radiation and bringing about the saturation in absorption. 

Sample preparation and characterisation of dye doped thin films of boric acid glass will be 
discussed in chapter 3 Also in this chapter we will discuss mathematical modeling of saturable 
absorbers. Energy transfer between beams of slightly different optical frequencies will be the 
subject of study in the 4th chapter. 

Nearly Degenerate Four wave mixing technique has been used in chapter 5 to study the 
ground state relaxation in RhodaminebG and Fluorescein doped boric acid glass films at room 
temperatures. 

Structural changes in organic systems can lead to changes in the speeds and strengths of 
the nonlinearities. In an attempt to study the effect of structure on third order nonlinearity 
we chose Tetraphenyl Porphyrin as the base molecule on which various structural modifications 
were carried out. The study on the structurally modified derivatives of tetraphenyl porphyrin 
are S 2 TPP, TPP(N02)4 and BrTPP are described in Chapter 6. 

We conclude by summarising the results of various studies undertaken in this thesis in 
chapter?, where we also discuss the future scope of these investigations 
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Chapter 2 


Saturable Absorbers 


In the previous chapter we used a two level model to describe optical nonlinearities. How- 
ever, the two-level model, as we shall see shortly , is inadequate to describe real atomic and 
molecular systems. In this chapter, we discuss the origin of non-linearities in materials which 
come under the category of saturable absorbers. As the name suggests the absorption in these 
materials decreases and eventually saturates at a low value (which may or may not be zero) as 
the intensity of the resonant or nearly-resonant light is increased. The discussion in this chapter 
will be confined to saturable absorbers of the kind we have investigated in this work. These 
are sandwiched films of xanthene dyes doped in boric acid glass. The dye molecules possesses 
large absorption cross-section in the spectral region covered by CW gas lasers. On excitation of 
the So — > Si transition, a substantial number of molecules go over from the singlet Si to the 
triplet Ti state as a result of the inter-system crossing processes. The lifetime of the excited 
triplet state when put in solid environment such as that of the boric acid glass, becomes rather 
long approaching the phosphorescence lifetime of the (Tj So) transition. This results in the 
trapping of molecules in the Ti state Trapping of molecules in the triplet state reduces the 
number available for absorption in the ground state Sq. The material absorption coefficient is 
therefore reduced - the extent of which depends on the actual irradiance level in a non-linear 
fashion. Some of the largest third order optical nonlinearities have been observed in this class of 
materials at light intensities as low as few inW/cm^[7-12]. One can study these non-linearities 
at power levels available from CW lasers. The dye doped solid films are well suited for non-linear 
optical investigations and device applications. We begin the discussion on saturable absorbers 
by introducing the level structure and time scales relevant to these systems. 
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Figure 2.1; Schematic state energy level diagram: Sn are the singlet and T„ are the triplet 
states. The Sq state is the ground state. 


2.1 Energy Level Structure and Timescales. 

Energy level structure of a typical dye molecule consists of a series of singlet {Sn) and triplet 
(Tn) band states (Fig. 2.1). The band structure arises from the vibrational and rotational 
substates associated with a given electronic state. The ground state is a singlet, with no 
associated triplet state. The lowest triplet (Ti) state being associated with the first excited 
singlet state (5i). The triplet bands are somewhat lower in energy than the corresponding 
singlet bands. The spin-forbidden transitions {5„ -)■ Tn) can take place due to spin-orbit 
coupling m the molecule. The paramagnetic ions and heavy atoms (either within the molecule 
or outside) can aid Sn Tn transition. Radiative transition between two states of identical 
multiplicity is called fluorescence and that between states of different multiplicity is known as 
phosphorescence[3-5]. The non-radiative between the Ti intercombination bands is called 
the intersytsem crossing. A transition between states of the same manifold is called internal 
conversion. Fig(2.1) shows the possible transitions in a dye molecule. Some of these transitions 
are quite fast where as some others are rather slow. Fig(2.2) gives orders of magnitudes of 
the time scales involved in these transitions. Internal conversion from upper states of the same 



2.1 Energy Level Structure and Timescales 


17 


So 




10 '^^ - 10 


14 


sec 


Si 


(Absorption) 

(Internal Conversion) 


Si 


10’^- 10-9 sec. 


10’^ - 10 sec. 


- Sq + hv 
-Tn 

^ So 


(Fluorescence) 
(Intersystem crossing) 
(Internal conversion) 


Tl 


Tn (Excited state absorption) 


Tl 


10-10 ^ sec. 


10-10 ^ sec. 


Sq +hv 

So 


(Phosphorescence) 
(Internal conversion) 


Figure 2.2: Sequence of the optical transitions in a dye doped solid films. 

manifold are very rapid (10~^^ to 10~^'^ sec) whereas the intersystem crossing is comparatively 
slower (10“® to 10“^ sec). Fluorescence and phosphorescence are predominantly observed in 
5i — )■ Sq and Ti —¥ Sq transitions respectively indicating high probability for non-radiative 
conversion among excited levels. Radiative emission from the Si to So band can also be caused 
by a reverse inter-system crossing process from Ti to Si giving rise to the delayed fluorescence, so 
named to distinguish it from the faster, direct Si —¥ Sq fluorescence. The Ti to Si excitation 
can occur via thermally stimulated intersystem crossing, radical and ion recombinations or 
triplet-triplet annihilative processes. Of the three radiative processes, fluorescence is the fastest 
(10~® to 10“^ sec ) and the phosphorescence is the slowest (10~^ to 10 sec ). Fluorescence is 
observed in all phases (solid, liquid and gas) while phosphorescence is usually quenched by the 
non-radiative relaxation in liquids and gases. Impurities particularly those containing oxygen are 
very effective quenchers of the triplet state. The observation of phosphorescence is facilitated by 
solid hosts, where many of the non-radiative relaxation routes are not available and the triplet 
state regains its radiative lifetime. In experiments involving CW lasers most of the processes 
usually observed in the dye molecules involve the state Sq, Si, Ti and in some cases T 2 and 
higher Sn, states. Thus to describe the absorption of light by the dye molecules it is sufficient to 
have a 3 level model {Sq, Si, Tq) or a 4 level model if the T 2 state is also involved. It is usually 
possible to ascertain which of the three models (two- , three-, or four-level) is appropriate under 
given experimental conditions. Significant signatures of each model help in this classification.. In 
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all these models the levels are assumed sharp - an assumption which may not appear justified at 
first sight. The absorption profile is generally assumed to be homogeneously broadened though 
this assumption may also not be quite realistic particularly in the glassy environment. Further 
for each model, two approaches are possible - the simple approach based on the rate equations 
and the more rigorous approach involving the density matrix as discussed in the previous chapter 
in the context of a two level model. In this thesis we shall follow the rate equation approach. 

2.2 Three-Level Model 

Figure (2.3) shows the level scheme for an atom in which only three levels are involved in 
the non-linear process. 

Let be the radiative transition probability between the and the levels, be 
the rate of pumping and Ty, the radiative lifetime associated with the % j transition. I{viz) 
is the irradiance at frequency Viz[= {Ez — Ei)/Ti]aud aiz is the 1 — )■ 3 absorption cross-section 
at uiz- The pumping rate VFy can be expressed as. 


Wiz = I{i^n)criz (2.1) 

The rate equations for the fractional populations in the three levels ni(i=l to 3) are. 


fll 

= -Wiz (ni - na) + nzAzi + n 2 A 21 

( 2 . 2 ) 

n2 

= nzAz2 — 7^2-^21 

(2.3) 

nz 

= Wiz{ni — nz) — nz{Az2 + -A 31 ) 

(2.4) 


ni + n 2 + na = 1 

(2.5) 


The steady state population Ui oCthe levels can be obtained by requiring 


ni=h2 = hz = 0 ( 2 . 6 ) 

Under these conditions, the difference population n = rii — nz can be shown to have the value 

1 


n = 


1 + Wi3 { 


2-f(i432M2l) 1 ' 

^ 31+^32 / 


(2.7) 


With (ry — 1/A^j), Eq. 2.7 becomes. 
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Figure 2.3: Three level energy scheme for the dye molecule 



lo/It ^ 


Figure 2.4: Transmission behaviour of a dye medium modelled as a thick 3 level saturable 
absorber 
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1 

r+Mv{s^^ 

1 

~ 1 + MsT 

where the effective lifetime is defined as, 

2T31T32 + T31T21 

r 

731 + 732 

For small irradiance, the medium absorption is given by Beer-Lambert’s law 


( 2 . 8 ) 

(2.9) 


(2.10) 


I, = loe-^^oL ( 2 . 11 ) 

where It and Iq are the transmitted and the incident light irradiances respectively, L is the 
thickness of the absorbing medium and ckq is the constant small signal absorption coefficient, 
ckq = aisN, N being the net concentration of the absorbing species. However, in general 


a = 


where 

/, = — (2.16) 

0-izr 

Thus we see that the absorption coefficient is intensity dependent. It decreases with increasing 
irradiance. At sufficiently high level of irradiance, (/ Ig), the absorption coefficient may 
approach to zero, making the otherwise strongly absorbing medium transparent. This is what is 
implied by saturation of absorption For this to happen, the saturation intensity should not be too 
high. This requires large absorption cross-section for the light absorbing transition (5o — > Si) 
and long effective lifetime r of the triplet state. In the three-level model, Ig = 1/o'iz'r 's the 
irradiance at which the absorption coefficient is reduced to half its value at small irradiance. Ig 
is called the saturation irradiance. 


N{ni - nz)ai3 
Naiz ^ 


1 -F laizT 

Qo 


1 + {I /I.) 


( 2 . 12 ) 

(2.13) 

(2.14) 
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2.2.1 Optically Thick Samples 

Dye molecules with large absorption coefficient severely attenuate the light beam as it 
propagates in the sample. It is therefore necessary to take note of the beam attenuation in 
the sample. The absorption coefficient is intensity dependent for a saturable absorber. Accord- 
ingly the absorption coefficient is position dependent in a thick absorbing sample. It is then 
necessary[l] to go back to the differential form of the Beer-Lamberts’ law, 

= -I[x)a{x). (2.16) 

Since the absorption coefficient is intensity dependent, beam propagation losses lead to spatially 
dependent absorption coefficient and in the above equation I{x) and a(x) are respectively the 
intensity and the absorption coefficient at a distance x from the entrance end of the sample, 
where 


Equation(2.16) becomes. 


a; (a;) 


cxq 

1+I{x)/Is 


(2.17) 


^ f/,-' an 

dx '■ ’l + ll(x)/I{s) 


(2.18) 


Integration of this equation with the boundary condition that at a: = 0, the incident irradiance 
is 4, leads for the sample transmittance. 


i(L) u , u-m 


(2.19) 


where 4 and I{L) are the incident and transmitted beam intensities for a sample of thickness 
L. Expression (2.19) is not a convenient expression since the sample transmittance appears on 
both sides of the equation'. Numerical solutions of this equation for different values of Tq are 
shown in Fig.2.4, where the low power transmittance is defined as. 


Tq = lim (2.20) 

We see from figure 2.4 that irrespective of the low power transmittance which depends on the 
sample thickness or on the molecular concentration, the transmittance at high powers (/ Ig) 
approaches unity and the sample becomes completely transparent at these high powers. 
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2.3 Four-level Model 

In the three level model, if the triplet level Ti is long lived, substantial population may 
built up in this level. Further, since the molecular levels are broad the Ti — >■ T 2 and Sq 
transitions may overlap in energy. Under these circumstances, the light beam which causes 
Si transition may also lead to Ti — )• T 2 absorption. This necessitates, the inclusion 
of the triplet level T 2 in the cycle leading to the saturation of molecular absorption. We now 
develop the rate equation for a four level model. Referring to figure 2.5 we can write for the 
level population 



Figure 2.5: Four level energy scheme for the dye molecule. 


with 


where. 


rii = ~Wi^{ni — ris) + + n2A2i 

^2 = 713^132 — W24{n2 “ ^4) + n2>l42 - 5^2^21 

^3 ^ 13(^1 n. 3 ) — n3{A$2 T 

n4 = W2^{n2 - U4) - 714.^42 


ni + n2 + 713 + n4 = 1 


( 2 . 21 ) 

( 2 . 22 ) 

(2.23) 

(2.24) 

(2.25) 


1^13 = M 3 ; W 24 = Ia24; A,j = l/r»j (2.26) 

It should be noted that among the 4 levels (Fig. 2.5), the Ti T 2 and So transitions are 
the electric dipole allowed transitions and are the relaxation rates from the to level. 
The effective absorption coefficient for the 4 level system can be defined as 



2.3 Four-level Model 


23 



Figure 2.6: Transmission of a dye medium modelled as an optically thick, fast, four-level 
absorber, for various levels of irradiance. 


a = ao{ni - na) •+■ /?o(»^2 - ^4) 


(2.27) 


where ao = Nais and Pq = Na 24 si's the low power absorption absorption coefficients for 
So — > Si and Ti T 2 transitions respectively, and ni to are the steady state solutions of 
Eqns. 2.21 to 2.24. Solving the rate equations under the steady state conditions, we can obtain 


(731 + r 32 )a 

(2t 32 + T2i)a6 + T2i{a — 1)6 -f (rai -F T32)tt 

'^21 ('7~31 + T32)a 

"^32 (2t32 -F T2i)ab + T2i(fl — 1)6 + (t3i + T32)<2 


(2.28) 

(2.29) 

(2.30) 


where 


0 , — 1 -F 7(724X42 

6 = 7(713X31 
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Substituting these expressions in 2.27 we can obtain the steady state absorption coefficient to 
be 


/ (l/s)(l + r) +p/(5 + 7oP) \ 

Vl + 2? + l/5(l + r) + s/(s + 7op)/ 


where, 


T32 T21 T32 I CXq 

r = — ;p= — = — ;5 = — ;7o = ^ 

T31 T42 T21 is PO 


(2.31) 


(2.32) 


We have obtained this expression for the absorption coefficient with no constraint on the time- 
scales involved. However in real systems certain approximations may be possible. In case of dye 
systems in solid hosts with CW laser excitations the 3 — )■ 2 and 4 -> 2 transitions are fast i e. 
r32 and r42 Ri 0 implying that populations in level 3 and 4 are negligible. These may not be 
justifiable assumptions because r32 is taken zero whereas r3i 0 and as it may turn out, the 
intersystem crossing time r32 may be larger than T 31 . Accepting these assumptions allows us to 
take 5 — 0, r — ^ 0, and p -> 00. In these limits, Eq.2.31 reduces to 


CKe// — CHo ^ ^ ^ (2.33) 

where Ig = Using this expression for the absorption coefficient in the differential form 

of the Beer-Lamberts law (Eq 2.16) and integrating over the sample thickness L, we can show 
that the sample transmittance T satisfies the following equation, 


T 

= (70 - ^)ln 
Jo 


7o -f Ij/ Ig ] 

70 + TV/J 


(2.34) 


This is the result originally developed by Hercher[2]. Once again To is the low power sample 
transmittance as defined earlier. For small values of I^jlg i.e. in the limit /j I 3 the above 
equation reduces to 


Tq = = exp{-aoL} (2.35) 

i.e. there is no effect of excited state absorption at low irradiances and the absorption is 
essentially due to the Sq -4 transition. This is understandable since saturation effects will 
be absent at these power levels. On the other hand for sufficiently large incident beam intensity 
Is • the beam transmittance again becomes intensity independent with a limiting value of 



2.3 Four-level Model 


25 


r = l^= yi/T. ^ exp{-/3oi} (2.36) 

■^in 

implying that at large power levels, the absorption takes place in the Ti T 2 transition and 
practically no net absorption in Sq — > transition This happens because at these power levels, 
the entire dye population is dynamically transferred to the Ti level. Since the Ti -)■ T 2 transition 
cannot be saturated at low power levels available from CW lasers, this residual absorption will 
persist in a four level system. This is in contrast to the three level model which becomes 
completely transparent in this limit. It is therefore possible to distinguish between a three level 
saturable absorber and a four level saturable absorber. For power levels between these two 
limits, numerical solutions must be found to Eq. 2.34. These are shown in Fig. 2.6 for some 
values of Tq. We notice from this figure that the minimum transmittance (4 <C h) and the 
maximum transmittance (/j ;;§> Ig) of a four level saturable absorber vary with sample thickness 
and the absorber concentration. We can have better insight of the population dynamics of a 
four level saturable absorber if we look into the dependence of the maximum change in the 
transmittance of a 4 level saturable absorber in the low power absorption constant a^L. From 
Eq. 2.35 and Eq. 2.36, 


AT = T'-T (2.37) 

= exp(— — exp(— aoX). (2.38) 

The maximum change in the transmittance (AT) may be interpreted as the difference with the 
low power or unsaturated transmittances of the Ti — )■ T 2 and the > <Si transitions. In the 
limit of aoT 0, the transmittance is 100% for both transitions and consequently AT — >■ 0 
as olqL — > 0. On the other hand, the transmittance of both the transitions approaches zero 
value as OiaL -4 00 . Once again AT approaches zero value in the limit olqL — >■ 00 . In between 
AT must go through a maximum. We may not be able to notice this effect in Fig. 2.6 but 
Fig.2.7 which shows a^L dependence of AT clearly demonstrates this fact. In this figure, we 
have plotted the two exponentials exp(— aoT) and exp(— /?oT) also for a value of 70 = 2.18. It 
can be shown that the maximum change in the transmittance (AT) takes place when 

0(oT= (;^ln7o) (2.39) 

This may be a useful result in determining 70 from experimental observations. The two expo- 
nential curves in Fig.2.7 clearly show that the maximum change in transmittance cannot be a 
monotonic function of a^L but must go through a maximum. We conclude by saying that a 
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Figure 2 . 7 : Dependence of low power and high power transmittance on aoL for 70 = 2.18 


four level saturable absorber acts like two level system at very low and also at very high levels 
of irradiance. 

2.3.1 Low Power Absorption 

Let us return to Eq.2.31. We have already mentioned that the relaxation time raa may 
actually be longer than the radiative lifetime T 31 . This will make r ^ 1. This actually is the 
case for most of the systems exhibiting saturation absorption (e.g. R6G and Fluorescein doped 
in boric acid glass have T 32 ~msecs and rai « nanoseconds). We now explore the low power 
limit (s -C 1) of equation 2.31 and numerically calculate the sample transmittance for a range 
of values around this limit i.e for r > 1 and s » 1. We find that instead of the flat linear 
response at low powers we get marked deviations from it. The deviations are more pronounced 
with systems having higher saturation intensities {Fig.2.8). However the amplitudes of these 
oscillations at low incident beam powers are quiet small to be observed. Nevertheless it points 
to interesting features at the low irradiance levels. 



TRANSMITTANCE 


2.3 Four-level Model 



Figure 2.8: Transmission curves for four level model with r ^ l,s »1. Inset shows the 
deviations in transmittance more clearly at low powers [14] .1,11 corresponds to s=3.5mW, 
35mW whereas a,b,c corresponds to r=1000, 1, 0.001 




28 


Chapter 2 


2.4 Origin of Nonlinear mechanisms 

Having seen as to how the changes in the populations bring about changes in the absorption 
coefficient we would now like to see how population changes affect the macroscopic polarization 
of the medium. In order to see the connection between the microscopic and the macroscopic 
properties, let us have an ensemble of dye molecules having a ground state 0 and only one 
excited state ‘1’ with population Nq and Ni respectively. A resonant monochromatic field 

- \E{f) exp{—iujt) + C.Cj (2.40) 

2 

produces in this ensemble, a polarization[15] 

P = eo(noXo + niXo)E (2-41) 

/ 

where xo 's the contribution of the ground level, and Xi 's that of th excited level to the total 
susceptibility and no and ni are the probabilities for the occupancy of the ground and excited 
levels, respectively, where 


No 

■ N^ + N„' 

(2.42) 

Ni 

iVi + iVo 

(2.43) 


Since the probabilities for occupancy are functions of the intensity and also Xi ^ Xo we can 
write. 


P = Pl + Pnl (2.44) 

where, 

Pl = ^onoXoE (2.45) 

Pnl = eoni(xi - Xo)E (2.46) 

Co is the free-space permittivity and I = icoJycjE'p (77 is the linear refractive index of the 
medium). This nonlinear polarization Pnl is the source of generation of new waves when 

substituted in wave equationl.2. This is how the saturation of absorption leads to the nonlinear 

effect. 

We shall explore the nonlinear polarization in more detail- in the next chapters. 
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Chapter 3 


Sample Preparation and 
characterisation 


This thesis deals with the study of nonlinear optical interactions in saturable absorbers. 
We have chosen some of the xanthene dyes doped in boric acid glass film for these studies. 
As explained in chapter 2, these dyes when hosted in solid matrix approach the lifetime of the 
phosphorescence (Ti So) transition making it possible to observe the nonlinearity even with 
CW lasers. We chose boric acid glass as the host medium because of the ease of preparation, 
high durability and good thermal stability. Further, it is known that this host does not go any 
chemical and structural changes. This rules out the possibility of creating host based permanent 
gratings. This allows us to investigate the dynamics of the dye molecules over a wide range of 
input powers. In this chapter we describe the preparation and characterization of the dye-doped 
glass samples in terms of the refractive index, spectral details and saturation characteristics. 


3.1 Sample Preparation 

Films of dye doped boric acid glass were prepared by the method first suggested by Lewis 
et.al.[l] and later used by Shankoff[2], Todorov et.al.[3] and Boyd[4] and coworkers. Required 
amounts of the dye and the boric acid powders were mixed in a test tube and heated to about 
270°C'. The resulting melt was stirred by a glass rod to affect homogenization. Drops of the 
melt were then placed between microscope glass slides preheated to 140°C to 170°C, and a 
weight of about 3-4 kg was placed on them to press the melt to obtain thin films. The slides 
were then allowed to cool to room temperature. The films have the tendency to develop cracks. 
However, film of good optical quality with high degree of transparency can be grown. There 
were however, significant variations in the thickness of these films, because of the different 
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amounts of melts used and at times due to uneven pressure. Besides there were variation in the 
thickness of the glass slides. The homogcni/ation of the boric acid melt too posed problems. 
Similar films have been used by earlier workers in the laboratory. We now briefly discuss the 
characterization of these films. 


3.2 Spectral Characterization 

The absorption spectra of these sandwiched films were recorded using a 1000 W water 
cooled tungsten lamp, a GDM-1000 double monochromator, an M12FC51 photomultiplier and 
an EG-SiG-PARC 4402-4420 Boxcar-Processor. A dye-free boric acid film is transparent in the 
visible region The emission spectra were recorded using light of appropriate wavelengths from 
a 15-W Coherent Innova-100 laser to excite the dye-glass films. The collection, detection and 
recording setup was similar to the one used for absorption studies. 


3.3 Rhodamine 6G doped in Boric acid 

The absorption spectrum of a typical 10“^* M Rhodamine 6G(R6G)-boric acid film is shown 
in Fig.3.1. The absorption spectrum is rather broad with peak at around 470 nm and two 
shoulders at 510 nm and 445 nm. The absorption profile is similar in shape to the one reported 
by Todorov ei.aZ.[3] for a concentration of 4.2 x 10““* M though the main peak in their case is 
at 450 nm. The Rhodamine 6G films absorb all Argon ion laser wavelengths to lesser or greater 
extent. The emission spectrum shown in the Fig.3.1 was obtained by exciting the film at 476.5 
nm. The emission peak is at 526 nm giving a Stokes shift of 56 nm. The emission at this 
wavelength is quite strong because this laser line is close to the absorption peak. 

3.3.1 Saturation Characteristics 

The experimental setup used for measuring the saturation characteristics of these films is 
shown in Fig.3.2. A glass plate was introduced before the sample and the beam reflected from 
this plate was monitored for power fluctuations using the 1L1700 Radiometer. Neutral density 
(Balzers) filters were used to vary the light power entering the sample. The light transmitted 
through the sample was collected by a lens and measured by the NRC Digital Power Meter815 
The same powermeter was also used to measure the incident light beam power. 
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Figure 3.2: Experimental setup for saturation 


3.3.2 Results 

The transmittance of the films was measured at 476.5 nm (laser line closest to the absorp- 
tion peak), 457.9 nm and 514.5 nm. For excitation at 476.5 nm, the absorbance for the films 
used was near 75% at low power (upto an intensity of 31mTF/cm^): At high powers, the sample 
is almost completely bleached with a residual absorbance of only 12% around 310ml47/cm^. 

. The saturation characteristics shown in Fig.3.3 clearly display an initial flat portion followed by 
a linear rise which tapers off into a plateau at high powers. The saturation intensity at 476.5 nm 
is estimated to be 130mFF/cm^. The transmission change as a result of saturation at 457. 9nm 
is much less as compared to the one observed when the film was excited at 476. 5nm. This is due 
to the reduction of the absorption coefficient at this wavelength. The saturation takes place at 
much higher input intensities at this wavelength. The saturation intensity in this case is about 
l.ZW/cm?. The absorption constant {ocqL) as calculated from the low power flat regions, has 
values of 1.3 at 476.5 nm and 0.59 at 457.9 nm[5]. A similar measurement at 514.5 nm gives 
a value of about 0.3. The saturation characteristics at 514.5 nm is shown in Fig.[?] is for a 
different sample. Low power absorption constant(Q;oL) at 514.5nm for this film is 0.86 and the 
saturation intensity is about l.SZWIcrn^. In all the three samples, the saturation of absorption 
is clearly established. The samples are, however, not fully bleached. For all these cases, there 
is a residual absorption since the saturation yields less than unit transmittance. Thus the four 
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Figure 3.3: Saturation characteristics of R6G-boric acid glass (10 ^ ) Top at 476.5 nm 
bottom at 457.9 nm 
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Incident Power(Watts) -> 


Figure 3.4: Saturation characteristics of R6G -boric acid glass (10 ) At 514.5 nm 

level model should be more appropriate to describe these samples. The saturation behaviour of 
these samples was fitted with the four level model as described in chapter 2. Table 3.1 gives 
optimum values of the parameters. 

Table 3.1: Table showing the saturation intensities at different Argon ion wavelengths. 70= 
Ratio of low power absorption coefficient to high power absorption coefficient; 0:0= Low 
power absorption coefficient; /30= high power absorption coefficient 



*This measurement is for a different sample. The first two wavelengths measurement are in the 
same sample. 

We see from this table that the ratio (70) of the low power ground state absorption 
coefficient to the excited state absorption coefficient is about 10 for 476.5 nm and 1.51 for 
457.9 nm and 1.25 for 514.5nm. This would suggest that the laser exciting line 514.5 nm 
and 457.9 nm are close to the excited state absorption band. This is in agreement with the 
experiments of K. Divakar et.al.[6] who predicted an excited T\ — > Tj transition around 540 nm. 
The variation in the low power transmission in different portions of the film was about 15%. 
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3.4 Fluorescein-Boric acid glass films 

The absorption and emission spectra of a 10“^ M fluorescein sample are shown in Fig 3.3. 
The peak of absorption occurs around 453 nm. This is somewhat red-shifted from the value of 
440 nm reported by Kramerei.a7[4] for the same concentration. The absorption falls off rapidly 
at higher wavelengths, reaching nearly zero at about 498 nm Unlike R6G, Fluorescein can be 
excited only on the red side of the absorption peak. Moreover, not all Argon wavelengths can 
be used for excitation. The spectrum of fluorescein doped film does not show any structure 
unlike that of R6G. The shape of the spectrum is similar to that reported by Kramerela/.[4] 
and that by Todorov for a much higher concentration (0.12M). The emission spectrum shows 
a peak at 482 nm giving a stokes shift of 29 nm. The saturation characteristics of Fluorescein 
films are not discussed because they are available in the literature[l, 3, 4, 7] 


3.5 Thickness and refractive index. 

Standard methods of thickness measurement of films are not applicable to sandwiched 
films. The thickness of our films was measured by a non-linear technique to be described in 
Chapter 4. The normal thickness of these films is around 30-50 {im. Approximate value of the 
linear refractive index was calculated from the measurements of the light power reflected from 
the glass slide-film interface. The linear refractive index of the dye-glass film at 514.5 nm. was 
obtained to be 1.1 with respect to the glass, giving a value of 1.36 for the refractive index with 
respect to air. This value is in agreement with the values reported in the literature. This value 
of the film refractive index was used to correct the reflective losses at the glass-film interface. 
The absorption spectrum of other samples like Tetraphenylporphyrin (TPPH), TPP(N02)4. 
S 2 TPP, BrTPP doped in boric acid glass will be presented as a part of the complete study in 
chapter 6. 



Fluor Int, orb Abs, orb 


38 


Chapter 3 




Figure 3.5: Absorption and emission spectra of Fluorescein-boric acid (10 glass 
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Chapter 4 


Two Beam Coupling in Rhodamine 
6G Doped Boric Acid Glass Films 

4.1 Introduction 

In two beam coupling, two light beams degenerate or non-degenerate in frequency interact 
in a nonlinear material such that the energy is transferred from one beam to the other. This 
coupling between the two beams is brought about by the fact that each beam sees the medium 
refractive index which has been modified by the presence of the other beam. Two beam coupling 
is exhibited in a variety of non-linear optical phenomena. Notable among them are the stimulated 
Brillouin scattering and stimulated Raman scattering[l, 2, 17]. The two beam coupling can not 
only be used to transfer information from one beam to another but it may also be used to amplify 
the probe beam in the presence of the pump beam. Two beam coupling has been studied in 
a host of materials like photo-refractive crystals, Kerr-like media and saturable absorbers. In 
saturable absorbers it has been used to determine the response time of the non-linearity, the 
saturation intensity, the real and imaginary parts of the complex nonlinear index of refraction 
of the medium[3-5, 7, 8, 20). Two beam coupling is used in real-time holography, self-pumped 
phase conjugators, ring resonators, laser gyros, nonreciprocal transmission, image amplification, 
vibrational analysis, image processing, etc[17]. 

In this chapter we first review the two beam coupling process in general terms and then 
discuss in some detail the two-wave mixing process specifically in the context of the saturable 
absorbers. This will be followed by the presentation of our results on two beam coupling in 
Rhodamine 6G doped Boric Acid Glass films. 
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4.2 Description of Two Beam Coupling 

We shall first consider two beam coupling in a Kerr medium where the optical non-linearity 
arises from the dependence of the refractive index of a non-linear medium on the intensity 
distribution of the light field in the medium[l, 11], The non-linearity in a Kerr medium can be 
characterised by the steady state non-linear refractive index 


it-nl = W2/ (4-1) 

and the response time r of the medium. Two beam coupling in a Kerr medium was first studied 
in detail by Silberberg, and Bar Joseph and Boyd. Fig 4.1(a) shows two waves of complex 
amplitude Ai and A 2 with propagation vectors ki and k 2 and frequencies coi and u >2 entering a 
nonlinear medium. The resultant real optical field in the region of interference is given by, 

where C.C stands for the complex conjugate and, 

^ _ nou^ 

* c 

no being the linear refractive index of the medium. The intensity distribution in the medium 
can be expressed as 

/ = !^^Ai.Al + A2 .a; -h [^1 ^ Q C] } 

= ^ {Ai.At -F A 2 .AI + [Ai.Ale-^^-^-^^'^ + C.C] } (4.4) 

where the vector q = ki — k 2 \s shown in the figure and 5 = ui — 0 ) 2 - For the nonlinear material 
the changing light intensity interference pattern modulates the optical properties such as the 
refractive index and turns the exposed portion of the medium into a grating. For 5 7^ 0, the 
grating is not stationary but is moving. The direction of movement of the grating depends on 
the sign of 5(Fig.4.1(b)). This grating diffracts the waves which produced the grating in the 
first place or any other wave which may be incident on it. We now describe why it is necessary 
to create a moving interference pattern to create conditions for the energy transfer to take place 
between the beams. The modulated index of the medium can be written as. 


(4.3) 


(4.2) 


n(t) = no + riNLii) 


(4.5) 
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(a) Formation of interference fringes 


q 


q 


I y 

5>0 5<0 


(b) Direction of 
movement of 
interference pattern 


Figure 4,1: Movement of interference pattern created by two interacting waves 


Since the resultant intensity varies spatially in the medium, the refractive index will also vary 
spatially The medium in general will not be able to respond to changing intensity pattern 
instantaneously because the medium polarization results from the displacement of the bound 
charges. We assume a Debye type relaxation for the non-linear refractive index, 


dnjsii, 

dt 


+ ni^L = n2l 


(4.6) 


where 712 ! is the steady state value of the non-linear refractive index njvL suggests that under 
transient conditions, the nonlinearity develops in a characteristics time interval of the order of 
r. Silberberget.a/.[11] obtained the following solution of Eq.4.6, 


riNL = — /‘ 

T J^oo 

Substituting Eq 4.4 in Eq.4.7, one obtains for the non-linear refractive index as, 


(4.7) 


IT'NL 


npnac 

27r 


(A,x: + A. a;) + + X|A,£^ 

1 — lOT 1 + tor 


(4.8) 


We note that the non-linear refractive index ripfi has a dc bias term and a time dependent 
term. Because of the appearance of the complex denominator in Eq.4.8, the time dependent 
refractive index is not in phase with the instantaneous intensity distribution as long as the 
medium response is not instantaneous i.e as long as r ^ 0. This term is responsible for the 
energy coupling between the two waves. The first terms in Eq.4.8 correspond to the stationary 
grating and the last two terms represents the moving grating because the refractive index 
changes are time dependent 

We can now substitute Eq.4.2 for the electric field in the wave equation. 
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V^E- 

n2 d^E 
(P- dP 

where 


72 = 

72o + npfi 

and 



72o + 272o?2j\r£, 


(4.9) 


Here we have assume ^o. so that the term can be neglected. If the spatial 

variation of the amplitude is neglected in the x and y directions, we can write for the propagation 
of the wave with amplitude A^. 


<fA2 

dz^ 


+ 


2ik‘ 


dA2 

dz 


2 2 
niujn 


nln2C02 

TTC 


- k2Al + ^A2 
(|Alp + \A2\^)A2 — 


nln2Ujf {\Ai\^)A2 
TTC 1 + iSr 


(4.10) 


A similar equation for the propagation of the other wave can also be written. 

We can immediately identify the last term with the moving grating and the first two terms 
with the stationary grating. With the slowly varying amplitude approximation, the equation 
(4.10)reduces to 


dA2 

dz 


mo 7220; 
27r 


(l-^lP + |■^2|^)■^2 + 


7710722^ (|AiP)A2 
27r 1 + iSr 


(4.11) 


where o;i « o ;2 ~ cj. We can write for the spatial dependence of the intensity distribution, 


dz 



dA2 

dz 



(4.12) 


We notice that when ^ and ^ are substituted from Eq.4.11 into Eq.4.12 the stationary 
grating terms disappear and the spatial dependence of I 2 takes the form, 


dl2 27220 ; 5t j. j. 


(4.13) 


For positive value of 722 and 6, Eq.4.13 predicts gain for the beam with intensity 12- Further 
in the limit of a fast nonlinearity r — >• 0, the coupling between the two waves vanishes. It also 
vanishes when 5-4 0 i.e. when the input waves have the same frequency. It should be noted 
that for large detuning, the energy transfer goes down. Thus there is an optimum detuning 
for energy transfer to take place. When the product 5r is nonzero the field generated by the 
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changing polarization can lag behind the driving field leading to an exchange of energy between 
the two beams. It is instructive to note that the stationary grating does not contribute to the 
growth or decay of the beam with the intensity h. It is the moving grating which modifies 
the intensity of the beam as it propagates . This explains why it is necessary to have unequal 
frequencies of the beam to obtain any coupling between them. 

In photorefractive crystals[21], even with waves of the same frequency, energy transfer 
occurs because the charge carriers produced by the incident light can move with respect to the 
interference pattern The movement of the carriers introduces the necessary phase shift between 
the refractive index grating and the optical intensity distribution. The direction of energy flow 
depends upon the orientation of the wave vectors of the optical beams w.r.t. the symmetry axis 
of the photorefractive crystal. 


4.3 Nondegenerate two wave mixing in saturable ab- 
sorbers 

We have seen in the previous section that it is possible to couple two beams inside a Kerr 
medium and affect an energy transfer between them provided the interfering beams have slightly 
different frequencies. Saturable absorbers do not involve any charge carriers and hence there is 
need to produce frequency mismatch between the interfering beams to exchange energy between 
them. The frequency shift between the beams needed for energy transfer in saturable absorbers 
can be achieved quite easily. The most common method employed involve the reflecting of 
one of the interfering beams off a moving mirror thereby introducing a Doppler frequency shift. 
Energy transfer in saturable absorbers such as ruby, fluorescein doped boric acid glass films, 
acridine orange doped in lead tin fluorophospate glass, erythrosin B-doped PVA film etc., has 
been achieved using this technique. 

In one of the earliest studies on fluorescein doped in boric acid glass films, Boy(iet.al.[l, 3, 4] 
described analytically the two beam coupling process in saturable absorbers on lines outlined 
in the previous section in the context of a Kerr medium. In order to include the effects of 
absorption in saturable absorbers they allowed the refractive index to become complex, i.e., 

n = n' + in" + {n '2 + in'i)I (4.14) 

. I 

where the linear refractive index has the usual form n-o = n'+in" and the nonlinear contribution 
to the refractive index has been written as n 2 = (n^ + Following a procedure similar to 

the one used in the previous section, they obtained for the spatial dependence of intensity of 
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beam one, 


dz 


■ah + 2nlk(h + /i)/i + + 2^k{hh) ^ 


1 + A2 


1 + A2 


(4.15) 


where k is the wave number of light(= 2-k/X) and A = (wi - uj 2 )t. The first term in Eq.4.15 
describes the linear absorption of the host with absorption coefficient a, the second and the 
third terms predict increase in transmission at high intensities due to saturation effects. And 
the last term is due to dispersion and is responsible for the two beam coupling signal The last 
two term may be compared to (Eq.4.13) except that now n 2 has both real and imaginary parts. 

A similar expression for the other beam can also be written down. Expression (4.15) 
was used by authors to account for the observed energy transfer between the two beams in 
fluorescein doped boric acid glass films. They obtained an empirical value for the non-linear 
refractive index na- n 2 = 0.23(1 + 0.2i)e.s.u. However it does not explain the saturation effects 
and the intensity dependence of the lifetimes of these films. Major drawback in their approach 
was to treat a saturable absorber like fluorescein doped BAG as a medium displaying Kerr like 
non-linearity which neglects the strong absorption of the dye molecules. 

In a later work Zhouet a/.[20] theoretically analyzed the saturation effects in non-degenerate 
two-wave mixing and tested their theoretical predictions with experimental results in acridine 
yellow doped boric acid glass. They used a two-level model to represent saturable absorbers and 
predicted that the frequency difference of the two incident waves, at which the gain reaches its 
maximum increases with the pump intensity. They were also able to determine quantities such 
as relaxation time Ti, the saturation intensity/^ and the third order susceptibility in the 
process. 

For a weak probe beam {I 2 ) in the presence of a relatively strong pump beam (Ji), they 
obtained the following expression for the probe transmittance. 


h(z) 

h(0) 


= exp 


2a^/{5T2f 2ao/{5T2f ((JTs)^' h 

' l + hih Is l + ia')^l + h/I,)\ 


(4.16) 


This expression suggests amplification (attenuation) of the beam with intensity I 2 depending 
on the product < 0(5X2' > 0). Here, T 2 is the transverse relaxation time or the dipole 
dephasing time and 5 = cuo — cuj is the detuning from the line center, 7* is the saturation 
intensity and 




Ti 




(4.17) 


Defining the gain parameter 
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r(n') = In 


h{L,+a') 


(4.18) 


equation(4 16)yields 


- -4Q!o TzSQ! hL 

h{5T-,Yl + 9,'Hl + hJIsY 


(4.19) 


For h < Is,T is proportional to Ii but for Ii > Is,T decreases with the pump intensity 
Ii. Thus the gain first increases with the pump intensity, reaches a maximum value and then on 
further increase in pump intensity, the gain falls. Further, we see that the gain F is maximum 
at p'l = 1/T( (with T( = Ti/(1 + h/D) 3rid the maximum value is dependent on the 
pump intensity. They applied their analysis to acridine yellow doped boric acid glass and found 
Is = 109mW/cm^ with = ±0.04 + 0.7i e.s.u. as compared to Is = lOOmW/cm^ with 
= ±0.06 + O.Sie.s.u. at A = 488nm using degenerate four wave mixing results. Despite 
this agreement, this approach based on a two level model is inadequate to describe the non- 
linear effects in dye molecules with energy level structure far from a two-level model. Fragnito 
et.al.[22] developed a treatment for self-diffraction for three level saturable absorber model based 
on population gratings. Later ZilioetaL[8] proposed an alternative theory to describe nearly 
degenerate two wave mixing in saturable absorbers where the energy exchange is regarded as 
the zero-order diffraction process in the theory of self-diffraction. They applied this model to 
the two-beam coupling in ruby. We have extended this model to conditions existing in our 
experiment. We outline this approach in the next section. 


4.4 Theoretical Framework 

Consider two mutually coherent and co-polarized beams propagating in and direc- 
tions crossing each other at an angle of 29 inside a non-linear medium (Fig(4.2)). Let the beam 
in the kQ direction be the strong saturating beam (hereafter called the pump beam) and the 
one propagating in the kQ direction be the weak probe beam. We assume the two beams to 
be plane waves. There is a small frequency difference Cl = u}+ — between these two beams 
such that the interference pattern is somewhat non-stationary. The electric field for the pump 
and the probe beams can be written as 

I 

^pump _ exp{i{k^ .f - UJ+t + 4 >q)} 

Eprobe _ E- exp{i{kQ.f - ± </>o )} 


(4.20) 

( 4 . 21 ) 
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Figure 4.2: Schematic of non-dcgeneratc two wave mixing 
with the resultant intensity as 

= /q + Iicos{kx — Q,t + A^) . 


(4.22) 

(4.23) 


where €o is the dielectric permittivity of vacuum, r] is the refractive index of the host medium. 
k = kQ — ko is the direction of the grating vector as shown in the Fig. 4.2 with magnitude 


A — ^ 

A ’ 2sin0 


(4.24) 


47rsin0 


(4.25) 


where A is the spatial period of the interference pattern. Eq and Eq may be taken to have 
constant magnitude before entering the non-linear medium. However, they will decrease in 
magnitude as the beams propagate in the saturable absorber. The intensities Iq and /i are 
defined as. 


/„ = /„+ + /„- (4.26) 

/, = 2/ifV (4.27) 

where Iq and Iq are the intensities of the pump and the probe beams and A0 = 0o ~ <^o ■ 'n 
order to solve the wave equation it will be necessary to find a suitable expression for the medium 
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Figure 4.3: Three level energy diagram 

polarization which is responsible for the generation of the new waves. We begin by assuming 
that the saturable absorber can be characterised by three levels (Fig. 4.3). We further assume 
that 0 to 2 transition is dipole allowed and 2 to 1 is a very fast non-radiative transition with 
unit quantum efficiency and level 1 is metastable. Medium polarization can then be expressed 
as, 

P = €o — 1)E+ Go (^oXo + JT'iXi-P (4.28) 


= eo{r}^-l + Xo)E + PNL 

(4.29) 

where 


E — E^ + Eq 

(4.30) 

Pnl = €o ^^i(Xi ~ Xo)-P 

(4.31) 

Here, no and rii are the fractional populations densities of the ground and the first excited levels 
respectively, so that no + ni = 1. It has been assumed that the population of level 2 is very 

nearly zero. 


We can find no and rii from the rate equations. 

1 


\TT/ 

dt 

(4.32) 

where Ti is the longitudinal relaxation time or population decay time of level 1; 
of photon absorption in the 0-4 2 transition and is given by 

W^p is the rate 

II 

(4.33) 

where 


iPujT2 

CTo = 

hcri G 

(4.34) 
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is the absorption cross-section a;+ Ri a;_ fs uj and T 2 is the transverse relaxation time or the 
dipole dephasing time Since the beam intensity is depleted as the beam propagates in the sat- 
urable absorber, the transfer rate Wup changes with propagation. As a result, Eq 4.32 is a non- 
linear differential equation. Instead of, trying to solve the non-linear differential equation(4.32) 
to obtain an expression for the fractional population ni of level 1, we exploit the grating inter- 
pretation of the non-linear process. The spatial distribution of the dye molecules in the excited 
state (level 1) should follow the light interference pattern created in the region of overlap of 
the two-input beams. Eq.4.23 describes the intensity distribution which suggests a sinusoidal 
variation in the x-direction superposed on the uniform distribution described by the dc term Jq. 
The distribution of excited dye molecules may however, not be sinusoidal due to a number of 
reasons, saturation of level populations being one It is reasonable to expect this distribution 
to be anharmonic in which case we can Fourier expand the population function ni{x). The 
anharmonic modulation so generated leads to the appearance of many orders of diffraction. 
Fourier expansion of population distributions can be expressed as, 

1 °° 

rii (x, t) = — ^ An exp{in{Kx — Qt + Acf)} (4.35) 

1 + -^0 n=-oo 

where 5o = h/h with Is = hu/coTi. The higher diffraction orders represent the manifestation 
of the self-diffraction of the incident beams from the anharmonic population grating created by 
the beams themselves. For Ig <C Iq Fragnito et. a^.[22]have evaluated the Fourier coefficients 
An under steady state conditions(t > Ti) and found, 


^0 

An 

for 


= 5o 
= (-1)”+^ 
n 0 


' St/2 ' 
. 1 + ‘S'o , 


JJ (1 — zsign(n)mfiTi 

m=l 


(4.36) 

(4.37) 


where Si = h/Ig and T[ = ri/(l + h/h)- Defining Xnl = Xi - Xo and using P^l = 
Y!,nPNL{nK,nQ) as a source term in the wave equation we get 



V^ + Xo+ 1 , c XNLAnexpin{Kx-Q,t + A(l))]E = 0 

t + -bo n=-oo / 


(4.38) 


Following Fragnitoe^.a/. we expand the electric field E in the nonlinear medium in terms of its 
Fourier coefficients 


E — Eq "F S 
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OO 

= ;^{£+expK(n + l/2)iCx-(n+l)0^)] 

n=0 

^-£-^exp[-^((^^ + l/2)iCx - n^)]} x exp{ipnz} (4.39) 


here 


/J„ = ^{(l-(2ii+l)W«)}''" (4.40) 

and Eo is the net field entering the nonlinear medium and £„ may be interpreted as the field 
associated with the beams representing different orders of diffraction. The ± sign refer to 
positive and negative orders of diffraction. With this definition of /?„. the dispersion relation 

Kl + = (f ) (4.41) 

holds. Further, assume 

^ ^ = 0 (4.42) 

dx dy 

and 

^ (4.43) 

we obtain the following equation for the spatial evolution of the slowly varying field amplitude. 

2 OO / 

2* (^) £ Pn exp[i((n + l/2)ii:a; - (n + l)nt)] 

de'^ \ 

+-^ exp[~i((n + l/2)Kx — nQ,t)] 1 exp(ipn^) 

1 

Xo + , , g, X) XnlAi exp[il{Kx -Q.t + A(f))] 

1 + -^0 „=o 

OO 

X Y. (^n exp[f((n' + l/2)Kx - {n! + 1)^)] 

n '=0 

+ exp[— t((n' + ll2)Kx — exp(f)5„/z) (4.44) 

In the above equation terms proportional to Ai represent diffraction of the input beam from 
the anharmonic grating. Subsequent diffraction of these diffracted beams from the induced 
anharmonic grating are not important under our experimental conditions. For I ~ 1$, such 
effects can be neglected. We compare terms with the same x and t dependences in order to 
obtain a set of coupled equations. By comparing term by term in the sum on both sides of 
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ec|uation(4.44), we can deduce the ^^-dependence of each diffracted wave as it propagates in 
the non-linear medium. 


and 


00 

+ fl q S {xNL^’i-n^t exp[-z(Z - n)A(p] 

i T OO i_Q 


dz 2Pri Vcj 

+ X*NL^*+n+l^T exp[-^(^ n -f X exp[-z(/5; — /?n)2^]] 


(4.45) 


de^ 

dz 


I /UJ 

‘2Pn VC 


1 ^ 

T+ So ^ exp[-f(i + n + 1) A<^] 


+ XNL^i-n^i exp[-z(^ - n)A(l>]j x exp[-z(/?j - ^„)z] 


(4.46) 


where — A_; Here the field terms represent the input pump beams and its various 
diffractions orders which are generated by the diffraction of the pump beam from the induced 
grating. Similarly the £“ terms can also be interpreted as the diffraction of the probe beams. 
From these set of equations one can calculate the electric field associated with any order of 
diffraction. However we shall consider the propagation of the zero order diffraction beams 
which are in fact the pump and probe beams themselves. Our experimental conditions to be 
described later ensure that higher order diffractions are insignificant. As such we need to solve 
the following equations only. 


de^ 

dz 

dso 

dz 


Z7 


^7 


Y , XnlAq\ 


^0 + exp(iA<p) 


exp(-iA0) -f I 


L 1 + 5^0 


l + So 


(4.47) 

(4.48) 


The phase dependent exponentials cancel out because Cq ~ exp(+f(^o ) and Sq ~ exp(-f-i(^^) 
and 7 = ^ . Two beam coupling is not expected to be a strong effect, consequently the 

probe beam continues to be much weaker than the pump beam inside the non-linear medium 
as well. Further it is expected that higher order diffractions would be weaker than lower or- 
der diffractions -in particular we expect the coefficient Ai to be less than It is therefore 
reasonable to assume that 


XnlAi 

1 + So 


So < 



XnlAo '\ 

1 + So J 


4 


(4.49) 


with this equation(4.47) reduces to 

dz 


I'Y 


Y , XnlAI\ 


4 


(4.50) 
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which has the solution 


= 4(0) exp 


Z7 



XnlAq ^Y 

1 + So )\ 


(4.51) 


Using this solution of 4 can solve equation4.48 to obtain the field strength of the probe 
beam. We get 


^0 (^) = ^0 (0) 


|l + i'j 



1 + 5o £o (0) / 


X exp 


ij 



Xnlj^o 
1 + 50 



Zilio replaced 


|l + ^7 



1 + 5o So (0) / j 


by 


exp 




Xnl^i 4 (0) \ I 

1 + 5o So (0) / j 


This requires 


1 7 Xo + 


xk44(o) 4 

1 + 5o ^0 (0) / 


< 1 


(4.52) 


(4.53) 


(4.54) 


(4.55) 


This condition is generally not satisfied under our experimental conditions. We retain Eq.4.52 as 
such and obtain the following expression for the intensity of the probe beam exiting the sample, 


loW = i £o Ijcko WP - 

= /-(0)exp|-27L(x; + f^)| 

"" \ i + r!"rp(y/,i+nr;xm) 
(i + n^rf) 



where X = 'yL{Iq /Is)/{1 + 5o)^ and xnl = have been used. We use A = OT{ ; na = 
n '2 + ini = ^^2(1 + 4) with r = n'Unl. Defining ao = (w/t 7 c)x^', /5o = {<jJ / ‘ r)c)x!{. as 
absorption coefficients of the ground and the excited states respectively and also using the fact 
that XjVL = Xi - Xo equation(4.56) becomes 
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X 


+ 


/q (0) exp 


( U0o\] 

cos0(l + 5o) V Isao j 


ll + I+/I, (r + A) I 

1 Acos0(l + 5'o)2(l + A2)j 


f 27rn^L (1 - r A) V 

\ Acos0 (1 + 150)2 (1 + A^) j 


We can rewrite this equation in a compact notation, 


(4.57) 


where 


V(A,L) 


X 


/q (0)exp{-o;e//L} 


1 + gL 


(r + A) 
(1 + A2) 


2 

+ 



(1 - rA) ] 
(1 + A2) / 


Qfe// = 

and g = 


ap/cose / 

{l + U/Q V IsC^oJ 

2'Kn'2L IqIIs 
A cos ^ (1 + 5o)2 


This should be compared with the corresponding expression obtained by Zilio, 


(4.58) 


(4.59) 

(4.60) 


Iq (A, L) = Jo (0) exp 


' (r + A)" 
.^(1 + A2) 



L 


(4.61) 


For A = 0, the expression (4.58) reduces to the degenerate case which shows how the 
probe beam gets modified during propagation in the non-linear medium in the presence of a 
relatively strong pump. 


( 0 , L) = I„ (0) exp 

X [{I + gLrf + {gL}] (4.62) 

More explicitly, we can write, 

MO, L) _ f aoL (1 + lif, , tf/C V f 2xn;L I}/I. f 

/o-(0,0) ““''\cose (1 + So) 1 \ Acos«(1+So)T U':“«(l+'S'o)T 

(4.63) 

In our two beam coupling experiment, we use a triangular ramp voltage to the peizo-mirror. 
This results in upshift in the probe frequency during half the period of the ramp waveform and 
downshift in the second half. Thus in one half of the mirror motion the probe will gain energy 
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from the pump and in the other half it will lose energy. We define gam parameters as 

AIq (A, L) _ 1^ (A, L) — Ip (—A, L) I (4.64) 

Iq{0,L) ~ Iq{0,L) 

where Iq{A,L) and /^(-A,L) are the transmitted probe intensities during the two half 
cycles of the motion of the peizo-mirror. The gain parameter has been normalized to the 
transmitted probe intensity in the absence of the mirror motion. With (4.58), the gain parameter 
takes the form (with/^/J* = Iq/Is = 5'o ) 


AJo-(A,L) 

Io{0,L) 


A cos 9 


( 2 A) 


r 1 ^ Sq \ if 

‘ Acos^ (l+^o)^ J I 


27rn^I/ 




Acos^ (14-5o)^ . 


(4.65) 


Writing X = Eq.4.65 becomes 


A/o-(A,L) 

loiO.L) 



(4.66) 


This expression for the gain parameter will be used to interpret the result of our two beam 
coupling experiment to be described in the next section. 


4.5 Experimental Setup 

Fig(4.4) gives the schematic of the experimental configuration. The pump and the probe 
beams are derived from the same laser (in our case Argon ion Laser Model Coherent Innova-70). 
The beam splitter BSi splits the laser beam in the ratio 90:10 The pump beam is directly steered 
to the sample with the help of mirrors M 2 and Mg. The probe beam is sent to another beam 
splitter {BS 2 ). The reflected beam from BS 2 is made to fall normally on a mirror mounted 
on a peizo-electric transducer. The beam reflected from the peizo mirror traverses the same 
beam splitter on return and is then steered to the sample with the help of mirrors M 3 and M 4 . 
Appropriate neutral density filters are introduced in its path to bring down the probe power to 
the desired level. This peizo transducer is driven by a triangular voltage waveform obtained from 
a function generator (Systronics function generator 1012) and further amplified by a home-made 
voltage amplifier. Voltage amplifier is of cascode type so that it does not distort the impressed 
triangular waveform and had the same gain over the ramp repetition rate of our interest. The 
uniformity of the mirror displacement is important so that the frequency shift is the same for 
the light falling on different portions of the mirror throughout the range of the frequency shifts 



4.5 Experimental Setup 


55 



Figure 4.4: Experiiiu'iital Setup for two-beam coupling setup ; Mi to M 5 mirrors, BS- 
Beam-splittors, NDP- Neutral Density Filters 

carried out in our experiments. This was achieved by examining the mechanical-resonances of 
the peizo-mirror in a Michelson interferometric setup. The ramp voltage was amplified to the 
level so that the maximum displacement of the mirror is A/2 where A is the wavelength of the 
Ar'^ ion laser line used viz. 514.5nm. 

Under these conditions the frequency shift of the reflected beam is twice the ramp repetition 
rate i.e. Q, = ± 27 rf. Here Cl is the shift in angular frequency of the reflected light beam and 
//2 is the inverse of the ramp repetition rate. The ± sign correspond to the up and down 
frequency shifts of the probe beam. 

In order to determine the voltage to the peizo for a A/2 excursion, we substituted the 
peizomirror for one of the end mirror of the Michelson interferometer. Michelson fringes were 
displayed on the screen for a fixed position of the peizo-mirror. For an arbitrary displacement 
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of the mirror, the fringe pattern gets disturbed and the visibility of fringes is affected. However 
for displacement of A/2 of the peizo- mirror, the fringe visibility remains unchanged. There 
was no change in the visibility of Michelson fringes over the desired frequency range for the 
A/2 movement of the mirror. Voltage ramp of 72 volts was applied to the peizo-mirror for A/2 
excursion at 514. 5nm. 

The pump.probe intensity ratio was changed by using neutral density filters close to the 
sample, so as to avoid any beam narrowing or clipping resulting in change of the spot size. 
Efforts were made to maintain the spot size of the two beams throughout the experiment 
Spot size was measured by the standard knife-edge method. The beams were ensured to have 
parallel polarization. Good overlap of probe and pump beams were also ensured. The path 
difference between the pump and the probe beams was kept within 1cm, much less than the 
coherence length of the Coherent laser model 1-70. The probe transmission through the sample 
was monitored by a Si-photodetector which was fed to an amplifier and then displayed on 
Kikusui digital storage scope DSS 6521 (C R.O) and recorded on a wave meter(Hioki 8801). 
The depth of the modulated signal is quite small in comparison to the d.c. signal on which the 
modulation rides. This presented some difficulty in measuring the depth of modulation and its 
variation as seen on the C.R.O. Therefore we had to use an additional amplifier to amplify the 
weak a.c. signal which represents the modulation caused by frequency shifting the probe beam 
with the peizo-mirror. The actual strength of the weak a.c. signal was calculated from the 
known amplification factor of the amplifier. However in the process we lost the d.c signal which 
represents the probe transmission in the absence of the modulation. But this information can 
be obtained using a calibrated photo-diode system. It is therefore possible eventually to get the 
actual values of the d.c. and the modulated signals for comparison. The two beam coupling 
signal is the difference between the a.c. signals recorded during the upshift and downshift of 
the probe frequency. The upshift takes place when the peizo-mirror is moving into the beam 
with a constant velocity and the downshift is when beam is moving away from it. 


4.6 Results and Discussion 

Rhodamine 6G doped films of boric acid glass with 10“^ molar concentration in the melt 
were prepared by the method discussed in chapter 3. Films of varying thickness were prepared 
frorn the same melt so that the molar concentration in different samples were nearly the same. 
These films are sandwiched between two microscope slides. It is difficult to measure the thickness 
of the sandwiched films. We have used the measured values of aoL = In lo/It at low intensities 
{lo <C Is) to characterize a film. Here Iq is the incident and It is the transmitted intensity. Most 
of the work on the beam coupling was carried out on one spot of a film with (XqL value of 0.63 
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at 514.5 nm line of the Argon ^ ion laser. This wavelength lies in the wings of the absorption 
profile of the dye doped BAG film The line was selected for two beam coupling studies because 
the signal strength observed at this wavelength is maximum The probe power during the 
experiment was kept fixed at 1.1 mW with the beam spot-size of 3 8mm at the location of 
the sample which corresponds to / = 9.7mW/cm^. The beam coupling was studied at pump 
beam power of 73mW,195mW,380mW and 600mW which correspond to beam intensities of 
.643W/cm^, 1.72W/cm^, 3.35W/cm^, 5.29W/cm^ respectively. Some of the recorded profiles 
of the two beam coupling signals are shown in Figs.4.5 The frequency modulation of the probe 
beam was confined to some discreet values in the interval 0 — 30Hz. The two beam coupling 
signal is recorded along with the ramp voltage waveform for comparison The two beam signal is 
reasonably clean at low frequencies but the signal to noise ratio degrades as the probe frequency 
increases. Eq.4.64 was used to extract the two beam coupling signal from the recorded profiles 
and measured values of the transmitted probe intensity in the absence of any modulation. The 
two beam coupling data appear in table(4.1to 4.4) 

Before we attempt to fit these data to the expression (4.65) we need to take a close look at 
this expression. There are several unknown quantities in this expression. The film thickness L, 
the saturation intensity I^, the real and imaginary part (n^, n!^) of the non-linear refractive index 
n 2 , and the relaxation time Ti are the five unknowns in this expression It would not be proper 
to fit all these parameters by fitting the two beam coupling data to Eq.4.65. In fact such an 
attempt was made but it was not possible to get a reliable set of values for these quantities. This 
happens because in this process we effectively transfer the inadequacies of the basic saturation 
process in these films to the two beam coupling process. It was decided to determine the best 
values for the film thickness and the saturation intensity from other considerations. It is the 
non-linear susceptibility parameter xnl or equivalently the real and the imaginary components 
of the non-linear refractive index na which are basic to the beam coupling process. These will 
be determined from the two beam coupling results. 



58 


Chapter 4 


Table 4.1: TBC data of R6G doped BAG film (aoL=0 63 at 514.5 nm, pump power=73 
mW, probe power = 1.1 mW) 


Sr. No. 

Frequency 

(Hz) 

^Ijprobei,^) 

(mV) 

^probe{^) 

(mV) 

A/p7.o5e(A) Qy 

IprobM 

1 

1.3 

0.70 

32.7 

2.15 

2 

2.0 

0.96 

32.5 

2.95 

3 

4.0 

1.13 

32.5 

3.48 

4 

5.0 

1.22 

32.5 

3.75 

5 

6.0 

1.39 

32.5 

4.28 

6 

8.0 

1.30 

32.5 

4.00 

7 

8.8 

1.39 

32.0 

4.34 

8 

10.0 

1.39 

32.0 

4.34 

9 

12.0 

1.30 

31.0 

4.19 

10 

15.0 

1.22 

31.0 

3.94 

11 

20.0 

0.78 

31.0 

2.50 

12 

25.0 

0.70 

31.0 

2.25 

13 

30.0 

0.52 

31.0 

1.6§ 


/ 


Table 4.2: TBG data of R6G doped BAG film(Q!oL=0.63 at 514.5 nm , pump power=195 
mW, probe power = 1.1 mW) 





Iprobeifi) 

(mV) 

A/probc(^) Of 

Aro6e(0) 

1 

1.3 

0.70 

33.0 

2.12 

2 

2.0 

0.96 

32.75 

2.93 

3 

4.0 

1.13 

32.75 

3.45 

4 

5.0 

1.22 

32.25 

3.78 

5 

6.0 

1.39 

32.75 

4.24 

6 

8.0 

1.39 

32.75 

4.24 

7 

8.8 

1.39 

32.75 

4.34 

8 

10.0 

1.48 

32.0 

4.77 

9 

12.0 

1.48 

31.0 

4.77 

10 

15.0 

1.48 

31.0 

4.77 

11 

20.0 

1.22 

31.0 

3.93 

12 

25.0 

1.04 

31.0 

3.35 

13 

30.0 

0.70 

31.0 

2.25 
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Figure 4.5: Two beam coupling signal recorded in RhodamineGG doped BAG at 514. 5nm 
^^probei^) =modulation depth of the two beam coupling signal at the detuning A for 
(a)A=2.0H2, (b)A= 8.8Hz,(c)A= lO.OHz, (d)A=25Hz 
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Table 4.3: TBC data of R6G doped BAG filni(QfoL=0.63 at 514.5 nm ,piimp power=380 
mW, probe power =1.1 mW) 


Sr. No. 

Frequency 

(Hz) 

^Iprobei^) 

(mV) 

^probei^) 

(mV) 

^^probei^) 0/ 
IprobM 

1 

1.3 

0.61 

33.25 

1.83 

2 

2.0 

0.78 

33.0 

2.34 

3 

4.0 

1.13 

33.0 

3.42 

4 

5.0 

1.22 

33.0 

3.70 

5 

6.0 

1.48 

33.0 

4.48 

6 

8.0 

1.48 

33.0 

4.48 

7 

8.8 

1.48 

33.0 

4.48 

8 

10.0 

1.48 

31.0 

4.77 

9 

12.0 

1.48 

31.0 

4.77 

10 

15.0 

1.57 

31.0 

5.06 

11 

20.0 

1.39 

31.0 

4.48 

12 

25.0 

1.30 

31.0 

4 19 

13 

30.0 

0.96 

31.0 

3.10 


Table 4.4: TBC data of R6G doped BAG fiIm(a;oL=0.63 at 514.5 nm, pump power=600 
mW, probe power = 1.1 mW 


Sr. No. 

Frequency 

(Hz) 

probe (-^) 

(mV) 

^probei^) 

(mV) 

^Iprobe (^) Of 

IprobciO) 

1 

1.3 

0.52 

33.25 

1.54 

2 

2.0 

0.70 

33.25 

2.10 

3 

4.0 

1.13 

33.25 

3.40 

4 

5.0 

1.13 

33.25 

3.40 

5 

6.0 

1.30 

33.25 

3.91 

6 

8.0 

1.48 

33.25 

4.45 

7 

8.8 

1.48 

33.25 

4.45 

8 

10.0 

1.48 

31.0 

4.77 

9 

12.0 

1.48 

31.0 

4.77 

10 

15.0 

1.57 

31.0 

5.06 

11 

20.0 

1.39 

31.0 

4.48 

12 

25.0 

1.39 

31.0 

4.48 

13 

30.0 

1.04 

31.0 

3.35 
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Figure 4.6: Single beam transmission experiment 

4.6.1 Transmission Experiments 

Single beam transmission measurements were carried out as the beam power was varied 
from 10 iJ,W to nearly one Watt. For these measurements, the beam was made to fall at the 
same spot on the sample at which the two beam coupling measurements were carried out. The 
transmission behaviour of the sample is shown in Fig. 4 . 6 . Data was fitted to expression 2.34 
obtained for the 4 level model. Equation2.34 is a transcendental equation for which straight 
forward solutions were not possible. So a numerical approach to obtain the roots of this equation 
was adopted. This equation basically involves three unknown quantities, namely, the low power 
absorption constant aoL, the high power absorption constant /?oL or equivalently 7 = 
and the saturation intensity Ig. These quantities were treated as parameters in an effort to fit 
the observed transmittance changes with input beam power with those calculated numerically 
from Eq.2.34 A non-linear least squares fitting algorithm due to Marquardt and Levenberg was 
used for this purpose. We faced serious convergence difficulties in this fitting when all these 
quantities were simultaneously parameterized. To get out of this problem, optimum values for 
ao L and j were directly read from the saturation plots Fig. 4.6 and only saturation intensity 
was initially treated as a parameter in the Marquardt-Levenberg algorithm. With the best value 
for Ig so obtained, the remaining parameter ckq L and 7 were also optimized in a similar manner. 
The best values for these parameters are listed in table 4 . 5 . We would like to emphasize the fact 
that a three level model has been used for beam coupling studies but results of our saturation 
studies confirm the participation of the fourth level in the basic non-linear process. 
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Table 4.5: Best fit values for R6G doped BAG from single beam transmission experiments 


Qfo L 

7 

Is 

0.63 

1.28 

1.58 W/cm^ 


4.6.2 Measurement of Film Thickness 


It was mentioned earlier that measurement of thickness for the sandwiched film by the 
standard methods is difficult. We have used the third beam diffraction technique first used by 
K Divakar Rao[24] to measure the film thickness. In this technique the population grating is 
induced in the film by two coherent pump beams of equal power which cross each other at 
a small angle in the non-linear medium. The third beam is the weak probe which is derived 
from the same laser, from which the pump beams are derived but is made incoherent with the 
pump beams by introducing a large path difference between the pump and the probe beams. 
The probe beam is incident normally on the film. Fig. 4.7 shows schematically the experimental 



Probe beam 
diffraction 


Figure 4.7: Schematic of three beam experiment. 

configuration. In this figure, we have not shown the self diffracted beams but the diffraction 
associated with the third beam are shown. The diffraction efficiency of the third beam was 
obtained by Divakar 
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2/?;c2 



(4.67) 


where the argument of the Sine function involved the sample thickness L and the coherent 
length Ln given by 


L 


n 


27r 


(4.68) 


VV 1 1^1 V, ^ 

I3'^ = { 1 - (sin Oi ± (2n sin 0)^) } (4.69) 

Here 6i is the incidence angle of the probe beam (zero in the present case) and 6 is the 
angle between the pump beams. Equations 4.67 and 4.69 suggest that the diffraction efficiency 
of the third beam changes with the angle between the pump beam. The efficiency starts from 
a maximum value for 0 = 0 and goes to successive minimum (zero) and maximum values. The 
first zero in the first order diffraction of the third beam appears for an angle 6 = Oq between 
the pump beams such that Li=L in equation(4.68) This gives for the sample thickness as 


L = 


27r 


uriofc— (ojno/c) |l — 4sin^ ^o} 


1/2 


(4.70) 


Hence for a fixed intensity of the incident beams, varying the angle between the pump 
beams (keeping probe normal to the film) we can estimate the thickness of the sample. Thus 
by experimentally determining the angle at which the first order diffraction of the third beam 
goes to zero (or reaches a minimum value), we have at our disposal a nonlinear technique 
for measuring the thickness of sandwiched dye-doped films. The first minimum of the third 
beam diffraction for our sample with aoL = 0.63 was found at 4.2° (Fig 4.8). This gives an 
estimated thickness of our sample as 35/rm. We are still left with three unknown quantities 
namely, the real and imaginary parts of the refractive index (n^j^aO relaxation time Ti. 

In order to estimate values of some of these quantities, we carried out pump-probe experiments. 
Transmission coefficient of the probe beam of a fixed power (470/xm) was measured in the 
presence of the pump beam of varying power. The experimental result are shown in Fig.4.9. 
The observed transmission behavior of the probe beam was fitted with Eq.4.71 obtained earlier 
and reproduced here. 


^ (0i L) _ r (1 + a' /alt /Is) . , 27r^T 

/q (0, 0) cos^ (1 -h 5o) [ Acos^ (1 -1- 5o)^^ 


f 27rn'2i: Itih V 
\ Acos^ (1 + 5o)^ j 
(4.71) 



Diffraction Efficiency (x 10'^) 
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Figure 4.8; Third beam {rj = +l)probe diffraction as a function of angle 
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Pump power(Watts) -> 


Figure 4.9: Two beam saturation 

Here 6 is the angle between the pump and the probe beams and ^q/cx.q = l/7o- For 
this fit, values of h = l.SSW/cm^ and sample thickness L= 35/^m determined earlier were 
used, however, a^L = 0.60 in place of 0.63 was used. It is possible that the spot might 
have shifted slightly in the experiment. It was found that the fitting routine was insensitive to 
the values of nj. Actually the term involving makes very little contribution to expression 
(4.71). As such n '2 remained undetermined in the pump-probe experiment but we found a fitted 
value of rij = 5.4 x 10““*. Having determined the saturation intensity I 5 , the sample 

thickness L and the imaginary part of the non-linear refractive index {n'^) from these auxiliary 
experiment, we now return to two beam coupling measurements. Two beam coupling data of 
(Table(4.1)to{4.4)) are plotted as a function of the frequency shift of the probe beam at four 
different powers in Fig.4.10 to 4.13 There is a certain amount of scatter in these measurements. 
However, the general trends are well established. The two beam signal start from zero value 
when the pump and probe are degenerate in frequency. The signal then increases as the probe 
shift frequency increases, it goes through a maximum and then decreases with further increase 
in the frequency shift. The appearance of peak in the two coupling signal is understandable. It 
occurs when the inverse of the frequency shift of the probe matches with the relaxation time 
of the non-linearity in the medium. Fig.(4.15) shows the shift in the peak position with pump 
power. Such a shift is expected since the degree of saturation changes with the pump power. For 
a detailed comparison between the experimental and theoretical results of two beam coupling 
we have fitted the experimental results with expression (1.64), treating the real part (n^) of 
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Applied Frequency (Hz) -> 


Figure 4.10: Two beam coupling in R6G doped BAG at 514.5 nm as a function of shift in 
the probe frequency :pump power =73mW, probe power=l.lmW 



Figure 4.11: Two beam coupling in R6G doped BAG at 514.5 nm as a function of shift in 
the probe frequency :pump power=195mW, probe power=l.lmW 
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Figure 4.12: Two beam coupling in R6G doped BAG at 514.5 nm as a function of shift in 
the probe frequency:pump power=380mW, probe power=l.lmW 



Applied Frequency (Hz) -> 


Figure 4.13: Two beam coupling in R6G doped BAG at 514.5 nm as a function of shift in 
the probe frequency.pump power=600mW, probe power=l.lmW 
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Figure 4.14; Two beam coupling signal in R6G doped BAG at 514.5 nm as a function of 
shift in probe frequency at different pump powers, probe power=l.lmW (only fitted plots 
from the previous figures are shown) 
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Figure 4.15: Best fit of Ti=36msecs obtained by fitting ri/(l + So) vs Iq. 
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the non-linear refractive index and the effective relaxation time T[ = Ti/(1 + I /Is) as two 
parameters using Marquardt-Levenberg algorithm. It was possible to get excellent convergence 
in these fits We could start with widely different values of and but they always converged 
to the same set for measurements at a given power The best values obtained from the real part 
of the refractive index n '2 by fitting data of different pump powers were very nearly the same. 
However, there was large dispersion in the values of the effective relaxation time T[ The best 
values for the calculated relaxation time Ti with the known values of Is are plotted in Fig.4.15 
We see a systematic variation in the relaxation time from 32 to 56 msec. At this stage we 
are not certain whether this variation in the relaxation time Ti with pump power is genuine or 
is due to the presence of substantial scatter in the experimental results or due to some other 
experimental uncertainties. In view of these uncertainties, we preferred to optimize and Tj 
using data for all powers. This gives the optimum values of = 1-1 x 10“'^ and Ti = 36msec. 


4.7 Conclusion 

We have studied two beam coupling in sandwiched films of R6G doped boric acid glass by 
Doppler shifting the probe beam frequency with a peizo mirror. No beam coupling occurs in the 
absence of the Doppler shift. There is some scatter in the experimental results but the general 
trends of the two beam coupling process are well established. We have used the three level 
model, first described by Zilio in the context of two beam coupling to interpret the experimental 
results. Some of the assumptions made by TiWoet.al. have been relaxed. In the absence of 
ab-initio estimates of some of the physical quantities such as the non-linear susceptibility and 
the saturation intensity, the theoretical model could be tested by parameterizing these unknown 
quantities. Efforts have been made to determine best estimates of these parameters using a 
number of experimental considerations. Within these limitations, we find the theoretical model 
was reasonably adequate in describing two beam coupling process in saturable absorbers. In 
the process, we have been able to obtain optimum values for the magnitudes of the real and 
imaginary parts of the non-linear refractive index and the relaxation time Ti. This was not quite 
possible in earlier work because of bimolar quenching and to a relatively poor signal to noise 
ratio in the earlier works. 

We however like to state in conclusion that there is a clear indication in our experimental 
results that the 4** level {T 2 ) is actively involved in the non-linear process in these samples. It 
will be worthwhile to develop a theoretical model for two beam coupling in saturable absorbers 
based on four participating levels. 
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Chapter 5 


Nearly Degenerate Four Wave 
Mixing in Dye Doped Solids 


We begin this chapter with a brief introduction to the nearly degenerate four wave mixing 
(NDFWM) process and its applications to high resolution spectroscopy of gases and solids. This 
will be followed by a discussion on the density matrix formulations of the NDFWM processes 
developed by S.C.Rand in the context of a three level model. We shall then describe 

the experiments used in the present study to record the optical phase conjugation signal un- 
der conditions of nearly degenerate four wave mixing. We shall then present our results on 
Rhodamine 6G and Fluorescein doped boric acid glass films. 

5.1 Introduction 

The subject of optical phase conjugation using degenerate four wave mixing (DFWM) 
approach has been investigated in great depth both for its application potential to real-time 
holography, information processing and storage as well as for the basic understanding of the 
non-linear process[2-4]. In the DFWM configuration, a weak probe beam traverses a non-linear 
medium in the presence of two relatively strong counter-propagating pump beams. The probe 
and the pump beams are derived from the same laser and have the same frequency. The medium 
generates the fourth beam at the same optical frequency which counter-propagates the probe 
beam with spatial phase, which is exact conjugate of the spatial phase of the probe beam. 
There is exact energy and and momentum phase-matching in this process. However, there are 
situations where the probe beam frequency may differ somewhat from the pump beam frequency. 
The probe beam may have been derived from a laser different from the one used to obtain the 
pump beams, or the three beams may be derived from the same laser but the probe beam is 
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Backward pump 


’b(a)) 


Figure 5.1; Geometry for Nearly Degenerate Four- Wave Mixing 

somewhat frequency shifted with respect to the pump beams. In the later case, the shift could 
be the Doppler shift experienced by a moving receiver or the transmitter system or when the 
gain-bandwidth of an external resonator differs from that of this phase conjugate mirror or if 
the laser system drifts in frequency during operation. These practical situations require us to 
obtain the frequency response of the phase conjugation when the frequency of the probe beam 
differs from the frequency of the pump beams. This is the non-degenerate four wave mixing 
(NDFWM) process We shall examine optical phase conjugation when the frequency shift of 
the probe beam is rather small. This is sometimes called as nearly degenerate four wave mixing 
(NDFWM) process, it provides a convenient method to investigate non-linear optical processes 
including spectroscopic ones also. In the frequency domain the phase conjugated signal under 
NDFWM condition has the frequency response of a narrow-band optical filter. 

The interaction process in the nearly degenerate four wave mixing is shown in Fig.5.1 The 
counter-propagating pump beams at cu = wq + A are detuned from the atomic resonance at 
ojq , A is the extent of detuning The probe beam with frequency Q = w -F 5 is detuned by 
S from the pump beam frequency oj. The interference between the forward pump e} and the 
detuned probe ffp produces a moving interference pattern. As a result, the medium experiences 
a traveling wave excitation which propagates in the kp — kf direction with the phase velocity 
(u) — S)/\kb — kf\. Interaction of this traveling wave with the medium generates an induced 
grating which is also moving but lags behind the exciting traveling wave because of the finite 
response time of the medium. The induced grating represents the spatial modulation of excited 
species. The scattering of the backward pump wave si from the moving population grating gives 
rise to the phase conjugate wave of frequency u — 5 and propagates in a direction opposite 
to the direction of the probe beam. In this process the energy conservation is exact and the 
momentum mismatch given by 26 /c is vanishingly small for the range of 6 covered in these 
experiments. 

In a similar manner, the backward pump wave el and the input probe wave ^ generate 
a traveling wave excitation with frequency w - <5 and phase velocity (u - 6)/\ki, - kp\. The 
direction of this traveling wave excitation is given by kp — kb. The scattering of the forward 
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pump from the traveling wave excitation also generates the phase conjugate wave which 
propagates in the same direction as the one generated by the scattering of the backward pump. 
The efficiency of the generation of the phase conjugate wave is determined in part by the amount 
of phase mismatch that arises in the four wave mixing process. If counterpropagating geometry 
is maintained for the pump waves, the k vector mismatch is given by 

A/c = kf kh kp -{- kc 

= kp + kc (5.2) 

^ 0 (5.3) 

The mismatch occurs because the frequency of the probe wave differs from that of the generated 
conjugate wave. As a result the magnitude of kp and kc are somewhat unequal although their 
direction are exactly opposite. One defines the coherence length Lc as, 


Lc = 


TT 

W\' 


(5.4) 


If the interaction length L in the medium exceeds the coherence length Lc, the generation of 
the phase conjugate signal becomes rather inefficient. 

The frequency dependence of the phase conjugate reflectivity defined as jR = [ffcP/kpl^ 
is a function of the difference between the pump and the probe frequencies for the two level 
homogeneously broadened system. This can be understood from the following argument. The 
build-up of the phase conjugate signal in a stationary two-level system as a function of cu — 
is determined by the energy relaxation rate 1/Ti. For w = Q a standing wave excitation is 
generated. This will lead to a distribution of excited atomic species which is spatially stationary. 
As is tuned away from u, the standing wave changes to a traveling wave. The time for the 
traveling wave to move through a spatial period is given by (w — f2)~^. This time needs to be 
compared with the finite lifetime Ti of the upper level. For (a; — fi) much greater than 1/Ti, 
the atomic excitation cannot be sustained and the spatial modulation is washed out, driving the 
reflectivity to zero. Thus only for the pump-probe detuning of less than 1/Ti, will the reflectivity 
remain appreciable. We shall now discuss the application of NDFWM to spectroscopy. 

The NDFWM has been used by Raj et.al.^\ to study the lineshapes of atomic and molecular 
system. They took advantage of the fact that in the collinear geometry two conjugate waves at 
frequencies cu-f J and uj — 5 are generated inside the nonlinear medium if the counterpropagating 
pump waves oscillate at frequency oj and the collinear probe at frequency to -{• 5. Then the 
interference of these phase conjugate waves with co-propagating pump beams yields beat signal 
at 5. The increased sensitivity of high frequency optically heterodyned signal permitted them 
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to record Doppler-free signal at l2- Subsequently, using phase-sensitive detection Raj et.al. 
were able to achieve shot-noise limited detection for the hydrogen Balmer line under similar 
experimental conditions, surpassing (in sensitivity) ail other nonlinear spectroscopic techniques 
available at that time(Bloch et.al.[6]). 

MacDonald etal[ 7 ] using optical waves of slightly different frequencies showed that the 
efficiency of four wave mixing in photorefractive materials can be enhanced. Andrei ei.a/.[ 10 ] 
took the cue from the study of the influence of the ratio of beam intensities on the energy 
transfer in the photorefractive media They investigated the influence of energy transfer by two- 
wave mixing in a nonlinear absorptive Kerr medium on the four wave mixing phase conjugate 
signal. For a fixed ratio of intensities of pump beams and a detuned probe beam they obtained 
a narrow band optical filter like frequency response of the conjugate signal which can be tuned 
by changing the ratio of the incident beam intensities. 

In an earlier study, Duncan G Steel etal.[8] and S.C.Rand[l] using the NDFWM technique 
obtained for the first time a direct measurement of the ground state relaxation rate of the 
optically excited ions in Cr : YAIO3. In their experiment the two counterpropagating 
pump beams and the frequency shifted probe beam were obtained from the same laser and this 
completely removed the influence of the laser jitter in the measured line-width. We consider 
their scheme in some detail in the the next section because it resembles closely our approach 
to the study of NDFWM in dye doped films of boric acid glass. 

5.2 NDFWM in a Three level system 

Steel and Rand[8] and Rand[l] developed a theoretical model for the optical phase conju- 
gation reflectivity, applicable to a three level system when the probe beam is somewhat detuned 
from the pump beam (NDFWM). Fig.5.2 describes the three level systems. 



Figure 5 . 2 : Three level system, 7^^- are relaxation rates where i j=l,2,3 
Levels [1) and |2) have the same multiplicity so that the |l) to | 2 ) transition is spin- 
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allowed Levels |3), on the other hand possesses different multiplicity and is therefore long-lived 
Consequently the condition 731 721 is satisfied. Further it is assumed that the inter-system 

crossing {|2) — [3)) is efficient so that 731 <C 723 also holds. The evolution of this system when 
the pump and the probe beams are in near resonances with the |1) to |2) transition can be 
described by the equation of motion of the density matrix. 

d d 

= [^0> P\ + P] + ^^J^pUecay (5-5) 

Here, Hq is the atomic Hamiltonian with eigen state |1), |2), and |3); V is the light matter 
interaction Hamiltonian. The decay term includes all possible decay processes including the 
dephasing of the off-diagonal terms. In the perturbation approach adopted by Rand[l], the 
light matter interaction Hamiltonian in the zeroth order includes contributions from the pump 
waves only. The probe and the conjugate waves are assumed weak and contribute in higher 
orders. 

Thus the zero-order optical interaction Hamiltonian with equal amplitude for the counter- 
propagating pump beams can be expressed as 

^/(o) = -F c.c. (5.6) 

while the first order term contains only the probe and the signal waves 

^(1) = - + C.C. (5.7) 

The probe wave is asssumed to have frequency ui = w + ^ and the signal wave will then have 
frequency u — 6. We further write 

p = p(°) -f 

V = FW -F (5-8) 

where A is a perturbation series parameter. This leads to 

= [H, -F -F ih—p^^^decay (^•^) 

at 

islpW = [fr,^W] + [v<i^/,<")] + Iv'<»),pWl + «|p«ld«», (6-10) 


with 
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4") = -ftn2i(e-‘' + e-‘')e“‘ + c.c. 

41) = (5.11) 


where «, = Bi/Eo: (2 = S/Eoi and = MeiEo/Sft. . , , . 

Following by Rand[ll the first order solution for the off diagonal matnx elements can be 

written as 

^ X (2 + + li) ( 5 . 12 ) 


where 


A 
L 
Li 
■ L 2 


Lz 


(jjj WQ) j — ll ^ 

(Fai - iA)“' 

(Fsi - iA - 1(5)“^ 

(r2i-iA + i5)“^ 

V 2731 + 723 V Izi-^oJ 



(5.13) 


and 

f ^ 2 |^ 2 iP( 273 i + 723) (1 _ ^s{2kz)){L + LI) 

72731 

= 2(1 + cos{2kz))-" 

J-sai 

r2i = (721 + 723) /2 

= Ta/2 ■ 

Medium polarization can be expressed in terms of the matrix elements p 2 i 

P = Triixp) 

The saturation behaviour of the microscopic polarization is contained in Lz- Its magnitude 
squared varies as 




(5.16) 
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where 72 » Tsi, ^ is assumed. 

The non-linear polarization(5.15) can be used as the source with wave equation. Rand 
et.al concluded for optically thin samples under conditions specified above (721,723 > 
the NDFWM signal has the proportionality, 

cc (^72J1 + + ^2^ (5.17) 

for homogeneous broadened line For inhomogeneous 3-level systems, an additional integration 
of P 21 frequency distribution of the absorption line is necessary It gives 

+ (5.18) 

at low intensities. 

Eqns(5.17 and 5.18) represent power broadened Lorentzian profiles. When the pump in- 
tensity approaches the saturation value, we obtain intensity dependent line-widths. In the 
homogeneous case it's determined by (Eq.5.17) and for the inhomogeneous case by(Eq.5.18). 

Before we end this section, we would like to give a very important detail of the derivations 
of the results given in Eqn(5.17, 5.18). These results involve the resonant Lorentzian which 
actually appears for the first time in the ground state population term - actually in the second 
order contribution to This implies that the NDFWM signal is caused by changes in the 
population of the ground state. Several terms contribute to this population change. One such 
term corresponds to the re-population of the ground through transition (radiative and non- 
radiative) from level 3 to level 1 (Fig.5.2). There can be many other contributions. But if the 
dominant contributions comes via repopulation from the decay of level 3, then the frequency 
response of the NDFWM signal(a measurement in the frequency domain) can complement the 
time domain measurement of the decay of level 3. However it must be emphasised that the 
NDFWM has the potential to investigate population kinetics of the ground state. 

We now use this technique to study NDFWM in R6G and Fluorescein doped BAG thin 
films. 

5.3 Experimental Setup 

Fig.5.3 shows the experimental setup used to carry out the NDFWM experiments. The 
configuration is similar to the one used for the optical phase conjugation studies in the backward 
degenerate four wave mixing geometry. The laser beam obtained from the Coherent 1-70 Argon 
ion laser is split by a 90:10 beam splitter BSi. The 90% transmitted beam from BSi is further 
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Mirrors 

PZM : Peizo mirror 

Figure 5.3: Experimental setup for OPC measurements under NDFWM conditions 

split by the 50:50 beam-splitter BS 2 . These split beams constitute the counterpropagating pump 
beams of nearly equal intensities. The 10% reflected beam is frequency shifted by reflecting 
it normally (to avoid any angular dependence on the frequency shift induced by the moving 
peizo -mirror) off the peizo-mirror (PZM). This beam steered by the guiding mirrors is made 
to fall on the sample after reflection from the beam-splitter BS 3 . This is the probe beam. The 
beam-splitter BS 3 is primarily used to allow the separation of the phase conjugate wave which 
counter-propagates the probe beam. 

The phase conjugated wave collected far from the table is focussed on to the Si-2386K 
photodiode and the signal recorded on the wave-meter. The peizo-mirror is driven by the same 
voltage driver as used for the two-beam coupling experiment. The triangular ramp voltage 
used to drive the peizo-mirror is adjusted to give a A /2 one way excursion to the peizo mirror. 
The entire experiment is performed on the NRC vibration-isolation table. Two samples (with 
Rhodamine 6 G and Fluorescein doping) were used for these experiments. The Rhodamine 6 G 
doped boric acid glass film had 10“^ M concentration with aoL of 0.27 at 514.5 nm. The 
backward and the forward pump powers used for this sample were 202 mW and 210 mW 
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respectively and the probe was kept at 8.95 mW with beam spot size of 3.8mm at the sample. 
The beam powers were measured with NRC 815 Digital powermeter. Fluorescein doped sample 
had 10"^ M concentration with aol of 0.6 at 488.0nm. The backward pump power used in this 
case was 31.7 mW and the forward pump power was 31.3 mW with probe power of 1.97 mW. 


5.4 Results and Discussions 

Figures5.4 and 5.5 depict typical recordings of the optical phase conjugated signal under 
conditions of NDFWM for Rhodamine 6G and Fluorescein doped boric acid glass samples re- 
spectively. The triangular voltage waveforms used for driving the peizo-mirror are also shown in 

these figures. As expected the phase conjugated signal has the maximum value under DFWM 

\ 

conditions (zero frequency shift of the probe beam). The OPC signal decreases with increasing 
frequency shift of the probe beam. We notice some ringing effects in the recordings. Because 
of the triangular nature of the voltage waveform, the probe beam experiences an up-shift in 
frequency when the peizo-mirror moves into the probe-beam and a down-shift during the reverse 
motion of the peizo-mirror. Before we discuss our results it may help to make some qualitative 
observations as to what do we expect from these measurements. The peizo mirror has certain 
amount of inertia as a result the peizo mirror will not go through zero velocity in a smooth 
manner at the turning points of its motion. If it did acquire zero velocity at the turning points, 
the situation would be more or less the same as for DFWM and the OPC signal should recover 
its maximum value. But this does not quite happen as for all traces given here and those not 
given here, the maximum of signal under NDFWM is always less than that for the degenerate 
case. It may be further argued that even if the mirror did come to rest at at the turning point, 
the OPC signal may not get restored to the degenerate case because the medium non-linearity 
does not build up instantaneously but has a certain response time. It is a bit intriguing to 
note that not in all cases, the maximum signal is at or close to the cross-over points. For the 
intermediate range of frequencies (Fig.5.4b Sic and Fig.5.5b&:c), it is very nearly true but not 
quite so for the recording at the lowest frequencies (Fig.5.4a and Fig.5.5) reported here. We are 
not exactly sure of the reasons for this departure from the expected results. Further, we expect 
the peizo-mirror would acquire the steady (and maximum) velocity somewhere in the middle of 
its swing in either direction. We therefore expect the least values for the OPC signal somewhere 
near the middle of the linear portions of the triangular waveforms. Once again this nearly holds 
for the intermediate range of frequencies (Fig.5.4b^c and Fig.5.5b&c), but not for (Fig.5.4a 
and Fig.5.5a). Once again we fail to see the reasons for this observation. Perhaps this is some 
experimental artifact which shows up at very low frequencies. Further, one would expect equal 
degradation of the OPC signal in the two halves of the triangular waveform. Consequently the 
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r,aximum and the minimum OPC signals in the two halves of the waveforms should be equal i.e. 
the maximum signal in the one way swing should equal the maximum s.gnal m the reverse swmg 
and a similar result is expected for minimum signals In the two halves of the swmg. Although 
this holds in some cases but does not hold in all cases.. There is a certam amount of asymmet^ 
in the signal in the two halves. A similar asymmetry has been observed when these expenments 
are perfLed in Kerr media. Andrei etalM have correlated the asymmet^ to the unequal 
ratio of the pump intensities. We are not exactly sure if this explanation holds in the present 
case where the origin of non-linearity is saturation of absorption. Another notable feature in the 
present work and also found in earlier worksp, I], is an almost complete absence of noise in the 
OPC signal for the full range of frequency shifts of the probe beam. Even when the reflectivity 
goes to zero, at large values of the frequency shift there is hardly any accompanying noise This 
is in marked contrast to the two beam coupling experiments where the signal is overwhelmed 
with noise and it is difficult to extract signal out of the noise. The OPC signal is free from laser 
jitter because all interfering beams are derived from a single laser. A small amount of noise can 
be noticed in the OPC signal recorded with 0.04 Hz shift in the probe frequency. But no noise 
is seen at larger values of the probe frequency shift. 
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Figure 5.4: (a,b,c,d) OPC signal from Rh6G doped boric acid glass film recorded un- 
der nearly degenerate four wave mixing conditions a:5=0.08Hz, b.5— 14Hz, c.5— 45Hz, 
d:(5=190Hz The triangular voltage waveforms used to drive the peizo-mirror are also shown. 
All voltages are measured from zero baseline 
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Figure 5.5: {a,b,c,d) OPC signal from Fluorescein doped boric acid glass film recorded 
under nearly degenerate four wave mixing conditions a:5=0.04Hz, b:5=.2Hz, c:^=.66Hz, 
d:(J=5.6Hz The triangular voltage waveforms used to drive the peizo-mirror also shown 
(All voltage l(‘v<*Ls are measured with respect to the zero baseline) 
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Table 5.1: NDFWM OPC data for R6G doped in boric acid glass 


Sr. 

No. 

Time period of 
the triangular 
voltage 
waveform 
T=l/f 

Probe 

frequency 

shift 

2f(Hz) 

(a) 

Minimum OPC 
signal during 

Maximum OPC 
signal during 

Modulation depth 
during 

upshift 

(b) 

^max 


upshift 

(d) 

^max 

downshift 

(e) 

Vfnin 

upshift 

(d)-(b) 

^mod 

downshift 

(e)-(c) 

"^mod 

1 

D.C 

0.0 

60 






2 

46sec 

0.04 

55.2 

54.6 

58 

58.5 

2.8 

3.9 

3 

26sec 

0.8 

53.0 

53.5 

58.5 

59.4 

5.5 

5.9 

4 

ll.Gsec 

0.18 

52 

53 

59.6 

60.7 

7.6 

7.7 

5 

3.1sec 

0.64 

51 

53 

58.5 

60.7 

7.5 

7.7 

6 

1.7sec 

1.2 

41.8 

47.4 

59.6 

63.5 

17.8 

16.1 

7 

l.lsec 

1.8 

44 

46.3 

58.5 

58.5 

14.5 

12.2 

8 

540msec 

3.7 

32.3 

32.9 

48.5 

45.1 

15.2 

12.2 

9 

280msec 

7.14 

21.7 

28 

45.1 

41.8 

23.4 

13.8 

10 

210msec 

9.6 

16.7 

23 

41.8 

37.3 

25.1 

14.3 

11 

142msec 

14 

10. 

16.1 

34. 

26.5 

24.0 

10.4 

12 

lOOmscc 

20 

5.6 

9.48 

26.5 

21.7 

16.1 

17.0 

13 

60msec 

35.4 

3.32 

2.78 

17.5 

13.9 

14.2 

11.1 

14 

44msec 

45.4 

1.67 

2.23 

12.8 

11.5 

11.1 

9.3 

15 

32msec 

62.6 

0.55 

0.55 

17.2 

13.9 

16.7 

13.4 

16 

25msec 

80 

0.5 

0.5 

15.0 

12.8 

14.5 

12.3 

17 

16msec 

125 

1.1 

0.6 

12.8 

11.7 

11.7 

11.1 
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Table 5.2; NDFWM OPC data for Fluorescein doped boric acid glass 


Sr. 

No. 

Time period of 
the triangular 
voltage 
waveform 
T=l/f 

Probe 

frequency 

shift 

2f(Hz) 

(a) 

Minimum OPC 
signal during 

Maximum OPC 
signal during 

Modulation depth 
during 

upshift 

(b) 

^max 

downshift 

(c) 

Vfnifi 

upshift 

(d) 

^max 

downshift 

(e) 

^min 

upshift 

(d)-(b) 

^mod 

downshift 

(e)-(c) 

^mod 

1 

D.C 

0.0 

130.5 






2 

47sec 

0.04 

105 

106 

129 

131 

24 

25 

3 

22.5sec 

0.09 

101 

105 

117 

122 

16 

17 

4 

12.8sec 

0.16 

103.5 

94.5 

114 

117 

10.5 

22.5 

5 

9.2sec 

0.22 

80 

87.8 

112 

116 

32 

28.5 

6 

7.6sec 

0.26 

75.4 

85.5 

105 

109.5 

29.6 

24 

7 

4.6sec 

0.434 

56.3 

65.3 

94 

96 

37.7 

30.7 

8 

S.Osec 

0.66 

35.13 

46.1 

81.3 

83.5 

46.2 

37.4 

9 

2.0sec 

1.0 

24.8 

30.4 

66.6 

7.5 

41.2 

44.1 

10 

1.4sec 

1.43 

11.3 

14.6 

54.2 

57.6 

43.0 

43.0 

11 

0.95sec 

2.10 

7.9 

13.5 

27.1 

29.3 

24.9 

24.8 

12 

610ms 

3.28 

2.3 

4.5 

27.1 

29.3 

24.9 

24.8 

13 

360ms 

5.56 

11.3 

3.4 

15.8 

18.0 

4.55 

14.6 

14 

180ms 

11.2 

0 

1.1 

6.8 

7.9 

6.8 

6.8 

15 

125ms 

16.0 

0 

1.1 

2.3 

4.5 

2.3 

3.4 

16 

68ms 

29.4 

0 

0 

1.1 

2.3 

1.1 

2.3 

17 

42ms 

47.6 

0 

0 

1.1 

1.1 

1.1 

1.1 


The OPC signal under NDFWM is free of laser jitter because all interfering beams are 
derived from a single source. Results of NDFWM OPC in Rhodamine 6G doped boric acid glass 
films are presented in Table 5.1 and those for Fluorescein doped film in Table ??. Time periods 
of the triangular voltage form used in to drive the peizo-mirror are listed in the second column. 
The actual probe frequency shift which is twice the inverse of the time-period is listed in the 
third column. The minimum values of the OPC signal during upshift and downshift of the probe 
frequency averaged over typically ten to and fro motions of the peizomirror are listed in the 
4*^ and 5*^ columns. The corresponding values for the maximum of the OPC signal similarly 
averaged are given in and columns. The last two columns give the modulation depth 
defined as 


Depth of Modulation = Max. OPC signal - Min. OPC signal 

^(mod) — P(max) ~ 


(5.19) 

(5.20) 


V 
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Figure 5.6: R6G doped BAG: Depth of modulation of NDFWM OPC signal with probe- 
frequency detuning 
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Figure 5.7: Fluorescein doped BAG: Depth of modulation of NDFWM OPC signal with 
probe frequency detuning 
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during up-shift and down-shift as a function of the time period of the peizo-drive voltage. The 
change in the depth of modulation with shift (positive and negative) in the probe frequency 
is plotted in Fig. 5 6 and Fig.5 7. Fig.5 6 refers to R6G doped films and Fig.5.7 to Fluorescein 
doped films. There is a lot of scatter in the data giving a rather erratic variation. However grossly 
speaking, the modulation depth first increases with the frequency shift, reaching a maximum 
value around 10 Hz and then falls with further increase in the shift of the probe-frequency. 
This is an expected behaviour For small changes in the probe frequency the degradation of 
the OPC signal and hence the depth of modulation remains small. Both will increase as the 
frequency shift increases from zero value. At these low frequencies, sufficient time is available 
for the maximum and the minimum values of the OPC signal to be realized. As the probe 
frequency shift is increased further, the material response time comes into play. Enough time is 
not available to reach the minimum and the maximum values in a cycle which slows down the 
increase in the depth of modulation. At a particular value in the neighbourhood of 10 Hz the 
depth of modulation reaches a maximum value and then decreases with further increase in the 
shift of the probe frequency. 

We now investigate the degradation of the OPC signal with shift in the probe frequency. 
Values of the minimum signal listed in columns four and five actually correspond to the OPC 
signal with shifted probe frequency. An entry in these columns correspond to the OPC signal 
when the peizomirror reaches a steady velocity. This is the time when the frequency shift 
corresponding to a given setting of the period of the triangular waveform is realized. Any 
increase in the OPC signal during the cycle indicates the decrease in the mirror velocity and 
hence decrease in the shift of the probe frequency. This decrease in OPC signal with shift in 
the probe frequency is quite systematic, though certain amount of scatter persists in this data 
as well. We have plotted in Fig.5. 8 the NDFWM OPC signal identified with the entries in the 
4*^^ and columns of table 5.1, with the shift in the frequency of the probe beam for the R6G 
doped films. The corresponding variation for the Fluorescein doped film is shown in Fig.5. 9. 
Certain degree of asymmetry exists in the data for the up-shifted and the down-shifted probe 
frequencies. However Figures5.8,fig5x7 clearly bring out the systematics of the variation in the 
NDFWM OPC signal - a decrease in the signal with increasing shift (positive and negative) of 
the probe frequency. The OPC Signal can be observed over a very narrow range of shift in the 
probe frequency. This behaviour is akin to a narrow band optical filter. Lorentzian fits based 
on Marquardt-Levenberg algorithm were attempted to the observed profiles. Because of the 
asymmetry in the data for the upshift and the downshift of the probe frequency as mentioned 
earlier, the peak position of the fitted profile is some-what off-centered with respect to the 
"zero" detuned frequency. Andrei e^.a^.[10] also observed such a shift which they attributed to 
unequal intensities of the pump beams. This shift for Rhodamine 6G is about -0.48Hz The 
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full width at half maximum for this sample is 13.4Hz The results for the fluorescein doped boric 
acid glsss films are qualitatively similar to those of R6G doped films. The difference lies in 
the frequency response which is much narrower for Fluorescein doped film as compared to the 
frequency response of the R6G doped films. In the language of the optical filter, the Fluorescein 
doped BAG films have much narrower bandwidth. We notice from the table ?? that the OPC 
signal falls rapidly with the frequency shift of the probe beam. The modulation depth plotted 
on Fig.(5.7). shows a similar frequency dependence. The FWHM in this case is of the order of 
1 Hz. the shift in the peak frequency from zero values is quite small(-0.02Hz) for Fluorescein 
films. 

5.4.1 Interpretation of Results 

We can apply the three level model developed by Rand et.al. to thin films of Rhodamine 
6G and Fluorescein doped BAG films provided we neglect Ti -> T 2 transitions. This may not 
be fully justified because some other studies[21] have shown the existence of these transition 
in these systems. Further the assumption of optically thin sample used in their derivation may 
not be justified in our samples with aoL = 0.27 for the Rhodamine 6G films and aoL = 0.6 for 
the Fluorescein doped films. Overlooking these complications we could still attempt to apply 
this model to systems of our interest. In these samples, the repopulation of the ground state 
due to the Ti — > So transition is the dominant process of ground state relaxation. Under this 
assumption, the decay time Ti of the metastable Ti of the lowest triplet state can be obtained 
from 


ir{FWHM) 

where FWHM is the fullwidth at half maximum as found in the proceeding section. This gives 
Ti = 24 msecs for the RhodamineGG doped films and Ti = 318 msec for the Fluorescein 
doped films. Although the precise values of Ti are not known because of the glassy nature 
of the host but the above values do fall in the correct range. But one must appreciate that 
it is not a measurement in the time domain. It is actually a measurement in the frequency 
domain giving the frequency profile of Ti -)■ transition. All line broadening effects have 
essentially been eliminated in this technique based on NDFWM. While comparing our results in 
the frequency domain with those obtained in the temporal domain, it should be kept in mind 
that our measured line-widths may have significant power broadening. More detailed intensity 
dependent experiments need to be performed to get the absolute widths of the Ti -)■ So 
transitions. 
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Figure 5.8: R6G doped BAG: NDFWM OPC signal versus detuning of probe frequency 

It is noteworthy to mention that in an inhomogeneous system of dye doped in boric acid 
glass where the normal absorption spectrum for the So -4 transition is rather broad with 
a bandwidth of the order of 20 nm, one can still obtain extremely narrow resonances (of the 
order of few hertz) using this NDFWM technique eliminating the broadening effects due to 
the inhomogeneity of the medium. The estimates from this frequency domain experiment for 
the lifetimes of the excited state is about 24 msec and 318 msec for R6G and Fluorescein 
respectively. These values are fairly close to the values obtained from lifetime studies for these 
systems. 


5.5 Conclusions 

Using the technique of nearly degenerate Four Wave mixing in R6G doped BAG and Fluo- 
rescein doped BAG we are able to record line-profiles approaching the natural line-width of the 
transitions. The FWHM for Rhodamine and Fluorescein doped films are 13 4 Hz and 1 Hz re- 
spectively are indeed quite small. The spectrum obtained in the frequency domain is very clean 
and is devoid of any instrument broadening mechanisms. It is also free of laser jitter This is the 
first time such a measurement has been done on this kind of system, to our knowledge. Our 
experimental arrangement is much simpler than the one used by Rande^.af on Cr^ : YAIO3. 
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Chapter 6 


Effect Of Structural Modification On 
The Third Order Nonlinearity in 
Tetraphenylporphyrin Doped in 
Boric Acid Glass 


Various nonlinear optical processes are being exploited for optoelectronic and photonic 
device applications. It often happens that the available nonlinear materials do not meet the 
requirements of a specific application. The need has been felt to attempt structural changes 
to achieve the desired characteristics of a nonlinear optical material. It is therefore desirable 
to understand the relationship between the molecular structure of a medium and its non-linear 
properties. Organic materials are best suited for these investigations 

Structural changes in organic systems can lead to changes in the speeds and strengths 
of the optical nonlinearities. In this chapter we study the effect of structural changes on the 
third order nonlinearity. We have chosen for these studies, the planar molecule Tetraphenyl 
Porphyrin as the base on which various structural modifications were carried out. Chemically 
substituted porphyrin derivatives S 2 TPP, TPP(N02)4 and BrTPP were investigated {Fig.6.1). 
We chose the first order diffracted signal in the self-diffraction geometry to characterise the 
optical nonlinearity of these systems. The results of the structural changes are interpreted 
qualitatively in terms of their effect on the availability and delocalisation of tt electrons. 
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6.1 Introduction 

The optoelectronic and photonic applications make use of various nonlinear optical pro- 
cesses. For instance, the third order nonlinear optical phenomenon of optically induced changes 
in the refractive index of a medium is fundamental to optical switching, optical computing 
and host of other applications. Currently ferroelectric inorganic crystals are used in fabricating 
passive and active photonic devices. However they suffer from slow optical switching times. 
Organic materials with excellent non-linear o[Jtical properties are much more promising. Or- 
ganic materials are of major interest because of their relatively low cost, ease of fabrication and 
integration into devices, tailorability which allows one to fine tune the chemical structure and 
properties for a given nonlinear application. Further, these materials have high laser damage 
thresholds, low dielectric constants, fast nonlinear response times. Then off- resonance nonlin- 
ear optical susceptiblities are comparable to or may exceed those of the ferro-electric inorganic 
crystals This has resulted in an interdisciplinary effort directed towards the basic understanding 
and exploitation of these non-linear systems.[5, 39, 40, 27]. 

The non-linear behaviour of organic molecules results primarily from tt conjugation in these 
molecules. The third order susceptibility increases dramatically with tt electron delocalisation. 
Correlations between the third order susceptibility and the electronic conjugation length have 
been established on many conjugated polymers[l]. However, these polymers have linear chain 
structures and the tt electron density is delocalised and transferred only in one dimension i.e. 
along the longitudinal axis of the chain (say the x-axis). In this case, the major contribution 
comes from 'y-r xrr (second order hyperpolarisability). Thus, only one tensor component con- 
tributes to the isotropically averaged susceptibility. When the dimensionality of the tt electron 
system is expanded from linear to 2-dimensions as in the case of macrocycles or 3-dimensions 
as in fullerenes, the hyperpolarisation tensor will have several non-zero components. 

Two dimensional macrocyclic systems such as porphyrins and pthalocya nines with large 
polarisable tt— electron cloud offer advantages in architectural flexibility, ease of fabrication and 
tailoring. It is possible to incorporate different kinds of metal ions in these systems. These 
two dimensional metallo-macrocycles offer additional features that can be used to optimise the 
nonlinear response. In addition to tt — tt* transitions of the conjugated system, the charge 
transfer transitions from ligand to metal (LMCT) and metal to ligand(MLCT) as well as the 
metal to metal transitions provide enhanced possibilities for tailoring of optical susceptibilities. 
One can vary the sizes and oxidation states of the metal ions and the nature of the axial 
ligands. A number of modifications can also be made in these macrocycles by introducing 
different substituents at the peripheral sites of the phenyl ring. This architectural flexibility is 
very helpful in optimising the nonlinear optical properties. These macrocycles exhibit electronic 
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transitions in the visible region (Q bands between 500 and 700 nm) and in the near UV (B 
or Soret bands between 350 and 450 nm)region[3. 17], They possess large absorption cross- 
sections (typically lO-^^cm^) which are helpful in observing nonlinear effects at low light power 
levels Both Q and B bands are sensitive to factors such as the nature of the metal ions, oxidation 
state, substituents, environment of the molecule and so on Thus these hold the promise of 
vast improvement in their optical non-linearities by way of molecular engineering. This requires 
an understanding of the structure-nonlinearity relationship. 

Porphyrins, a condensed product of four pyrrole rings connected to each other by me- 
thine groups has high tt electron density and extended delocalisation. A variety of nonlinear 
effects have been observed and used to characterise these molecules. Guha et.al.[S] have used 
nanosecond and picosecond laser pulses to measure the third order optical nonlinearities of two 
metallotetrabenzoporphyrins and a platinum poly-ene dissolved in tetrathydrofuran by the use 
of direct intensity dependent total transmission of pulses as well as optical Kerr gate technique. 
Rao et.aL]9\ established that the nonlinearity is predominantly electronic in origin. For this 
purpose, they measured the third order nonlinear optical susceptibility of tetrabenzoporphyrins 
in solution with tetrahydrofuran at 532 nm using degenerate four wave mixing with picosec- 
ond lasers. They also attempted to correlate the effect of substituents on for a series of 
tetrabenzoporphyrins possessing electron donating as well as electron withdrawing substituents. 
The results indicate that compounds having strong electron donating substituents exhibit higher 
nonlinearity. Using Z-scan technique, Kandaswamy e^.aZ.[30] measured the third-order nonlinear 
optical susceptibility of T,3.4,BCEMPP doped in boric acid glass at different argon-ion laser 
wavelengths and at 784 nm using 60 fs pulses from a Ti:sapphire laser. They explained[4] the 
relationship between the substituted derivatives of H 2 TPP and their corresponding hyperpo- 
larisabilities on the basis of electronic interaction between the external substituents and the 
porphyrin core. 

We note that the porphyrin system is an interesting system to undertake the study of 
substituent effect on the optical nonlinearity. It is drawing considerable attention in recent years 
and the studies reported so far on two dimensional porphyrins and their derivatives are still in 
infancy. 

We have chosen the planar'molecule TPPH (5,10,15,20 Tetraphenyl porphyrin) as a base 
molecule for our study of the effect of various substituents on the third order optical nonlinearity. 
Molecular structure of TPPH is shown in Fig.6.1. The structures of various derivatives of TPPH 
which have been investigated by us also shown in this figure. The TPPH and its derivatives 
were synthesised in the chemistry laboratory of our Institute. 

We study the third order nonlinearity of these molecules doped in the boric acid glass in 
a self-diffraction experiment. We describe briefly the process of self-diffraction which we have 
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used to characterise the third order nonlinearity. 


6.2 Self-DifFraction 


Self-diffraction is a process whereby two interfering beams get diffracted from their own 
grating The diffracted signal which is essentially a new wave generated in the medium carries 
the information on the strength of the optical nonlinearity. Its origin is due to the nonlinear 
response of the medium to the incident light. In self-diffraction[2, 38, 11] we have two coherent 
pump beams of equal intensities interfering in the medium. The spatial light modulation created 
due to the interference between the input beams in turn creates spatial modulation of the 
populations of the ground and the excited states thereby creating a population grating. The 
pump beams thus write a grating in the medium. These writing beams in turn get diffracted 
and this process of generation of new diffracted waves is called self-diffraction. The efficiency 
of the diffracted signal defined as the ratio of the self diffracted signal of order n to the incident 
intensity (7o) depends upon the material parameters. For the two beams of equal intensity[38] 
say ‘Iq = Iq = Iq crossing at an angle of 20 the diffracted (say order') signal is generated 
with an efficiency. 


rin 

where 

a = 


2noc 


2 

Sinc^ 
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are the Fourier coefficients and I is the thickness of the absorber. Saturation parameter and 
Si are defined as 
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uj is the frequency of the incident radiation and no is the refractive index of the host in our case 
the boric acid glass, xnl is a parameter describing the non-linearity. 

The first order diffracted signal (n=-|-l) may be associated with the third order nonlinear 
susceptibility. However, it contains some contribution from the 5th order component of the 
susceptibility. Neglecting this, the first order diffracted signal gets related to the forward four 
wave mixing process. We use the measured diffraction efficiency for n=-l-l diffraction to char- 
acterise the strength of the non-linearity in our experiments on TPPH and its derivatives. We 
next describe the experimental setup used for these studies 


6.3 Experimental Setup 

The experimental setup used for self-diffraction studies is shown in Fig. 6 . 2 . The entire 
optical setup is mounted on an NRC vibration isolation table. The Argon ion laser beam is 
split into two by a 50:50 beam-splitter and with the help of the steering mirrors the two beams 
intersect at an angle 26 in the sample giving rise to self-diffraction. The polarizers Pi — P 3 
were used to ensure that the light falling on the sample has the same linear polarization. The 
diffracted signals were measured at a large distance from the sample to reduce the background 
noise. The steady state signal was measured by the silicon photodiode Si-2386K. The output 
from the photodiode was fed to a Keithley picoammeter for quantitative measurement and to 
a storage scope (Kikusui DSS 6521) to monitor the signal level. Normally the pump beams 
were kept at 80mW each at an angle of 26 = 1.82°. The pump beam spot diameter was about 
3 . 8 mm on the sample. The crossing angle was kept low as the self diffraction process is efficient 
at low angles only. 

We have carried out two studies on these samples. We have investigated concentration 
dependence of the third order non-linearity in TPPH samples with TPPH concentrations of 
2.5 X 10~^M, 1 X 10“^M, and5 x 10~‘^M in BAG films prepared for these studies. The non- 
linear signal for these samples was measured at 457.9 nm, 476.5 nm, 488.0 nm 496.5 nm, 501nm 
and 514.5nm lines of the Argon-ion laser. In another study, nonlinear signal was measured for 
porphyrin derivatives S 2 TPP, TPP(N 02 ) 4 , BrTPP with 2.5 x molar concentration in 
BAG film. For the later studies, the Argon line of 457.9 nm was used to measure the first 
order self-diffracted signal as this was the closest line to the absorption linecenter. The S 2 TPP 
soret band is somewhat red-shifted and overlaps with several lines of the argon ion laser. The 
nonlinear signal in this case was measured at 457 . 9 nm, 476.5nm and 488nm. 

The sample of BAG film doped with the porphyrin derivatives are prepared by the same 
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Figure 6.2: Experimental setup for self-diffraction studies. 

procedure as mentioned in chapter 3. The porphyrin and its derivatives are mixed with the boric 
acid glass in the required proportion. 


6.4 TPPH 

We have chosen the planar molecule TPPH (5,10,15,20 Tetraphenyl porphyrin) as the 
molecule on which various structural modifications were carried out[7]. TPPH is a molecule 
consisting of four pyrrole rings in one plane (Fig. 6. 3). The 11 double bonds with 22 tt electrons 
in the core are always delocalised. However the phenyl rings present at the mesopositions 
are perpendicular to the porphyrin plane. The Trelectron density of the porphyrin rings also 
extends into these phenyl rings. The high tt electron density of electrons coupled with extended 
delocalisation is responsible for the large optical nonlinearities observed in these systems. 

First we look at the absorption spectrum of TPPH. The absorption spectra (of all samples 
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Figure 6.3: Molecular Structure of Tetraphenylporphyrin and its derivatives 


Table 6.1: Peak Positions and FWHM of Q and B bands of TPPH doped in boric acid 
glass films. 



Molar 

Concentration 

Soret (B) Bands 

Q Bands 


Peak 

position (nm) 

FWHM 

(nm) 

Peak 

position (nm) 

FWHM 

(nm) 

2.5 X 10-® 

1 X lO-'^ 

2.5 X 10-^ 

5 X 10"^ 

437.0 nm 

433.0 nm 
424.5nm 
426. 5nm 

26nm 

37nm 

69nm 
♦ 

666.0 nm 
666.5 nm 
664 nm 
688.5m 

37nm 

45nm 

55 nm 

* Since the spectra could no1 

L recorded beyond the seal 

e shown in the 1 

figure, therefore it was 


not possible to estimate this quantities. 


used in this study) were recorded on the Shimadzu UV-Visible Spectrophotometer model 160. 
Undoped films of the boric acid glass were used for the reference beam. However because of the 
nonuniformity of the thickness of these films and in the absence of direct method to estimate 
the thickness of our films it is difficult to calculate the absolute absorbance of our samples. 

The So — Si absorption band of thin films of planar porphyrin doped in boric acid glass 
(BAG) host peaks around 437 nm (Fig.6.4). This is the Soret or the ‘B’ band. For the nonlinear 
studies, the 457.9 nm line of an Argon ion laser lying in the far wings of this band has been 
used. The other band in^^the deep red region of the absorption spectrum is the Q band and it 
peaks around 666. Onm. 


Absorption spectra of samples of various molar concentration of TPPH doped in BAG 
were recorded. They are reproduced in Fig.6.4 to Fig. 6.7 as the molar concentration of TPPH 
increases from 2.5 x 10“® to 5 x 10“^. Some dramatic changes in the absorption spectrum 
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Figure 6.4: Absorption Spectrum of 2.5 x M concentration TPPH doped in boric acid 
glass 



Figure 6.5: Absorption Spectrum of 1 x 10 M concentration TPPH doped in boric acid 
glass 
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Figure 6.6: Absorption Spectrum of 2.5 x 10 M concentration TPPH doped in boric acid 
glass 



Figure 6.7: Absorption Spectrum of 5 x 10“^ M concentration TPPH doped in boric acid 
glass 
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appear. For the change in the molar concentration from 2.5 x 10“® to 1 x 10“'^, there is only 
a slight increase in the overall absorption for the peaks in the blue (B band) and the red(Q 
band) regions with hardly any change in the overall profile of the spectrum {Fig.6.4, 6.5). It 
may also be mentioned that the increase in the absorption in the 1 x 10"^ sample as compared 
to the absorption in the 2.5 x lO”® (Fig.6.4) molar sample {Fig.6.5) may not be entirely due to 
the increase in the concentration because of the uncertainty in the thickness of the films We, 
however believe the film thickness change may not account for more than 20%. 

As the molar concentration is further increased to 2.5 x (Fig.6.6) the peak ab- 

sorbance in the blue region goes up with an overall broadening of the profile which has become 
asymmetric in shape. There is also substantial change in the red region (Q band) as well. In fact 
the absorption peak in the Q band has increased many folds and the absorbance in the Q band 
is now greater than that in the Soret band or the B band. Further, significant absorption can 
be noticed in the spectral region between the Q band and the B bands. As the concentration is 
increased to 5 x 10~‘*M there is a further increase in the absorbance in the two bands and there is 
substantial overall increase of absorbance in the entire profile of the spectrum. Table(6.1) gives 
the peak positions and the FWFIM of the Soret and the Q bands in TPPH. We will comment 
on these changes later in this chapter. 

6.4.1 Diffraction Efficiency of TPPH 

Diffracted signal for the n=-4-l order of diffraction in the self diffraction experiment de- 
scribed earlier was measured for various concentrations of TPPH in boric acid glass films at sev- 
eral lines of the Argon ion laser. The diffraction efficiency obtained from these measurements 
are presented in table6.2. These experiments were carried put with 80 mW of input power 
except in case of 488nm for which the input power was around 96 mW. Maximum diffraction 
efficiency of about 0.2% occurs at 457.9nm for the sample with 2.5 x 10“®M concentration of 
TPPH. Further, this table shows that the diffraction efficiency decreases at all wavelengths as 
the concentration is increased from 2.5 x 10~®M to 1 x lO^M. There is, however, substantial 
recovery in efficiency when the concentration is further increased to 5xl0“'^M. The wavelengths 
dependence of diffraction efficiency is shown in Fig.6.8. For low concentrations (2.5 x 10”^M 
and 1 X 10~'*M) samples, the diffraction efficiency rapidly decreases as the wavelength of the 
laser line is shifted away from the linecenter. There is a partial recovery in the efficiency as the 
B band is approached. However for the higher (5 x 10“^M) concentration samples the situation 
is quite different. The 457. 9nm laser line, being very close to the line center of the soret band 
is almost completely absorbed at this concentration. Likewise, the self diffracted signal is also 
totally absorbed at this wavelength. However, as we move away from the line center, the self 
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diffracted signal can be observed. In fact, the diffraction efficiency at this concentration is 
nearly two orders of magnitudes higher than at the intermediate concentration 1 x for 

the corresponding wavelengths. 

6.4.2 Discussion of Results 

Fig.6.4 and 6.5 clearly show that the absorption increases as the concentration of TPPH 
in the boric acid glass film is increased. This is also reflected in tab6.1, where we find a steady 
increase in the width of the absorption bands with concentration. But what is not obvious from 
these figures and the table is whether the optical density of these samples increases linearly 
or non-linearly with concentration. This question cannot be settled conclusively because we 
are not in a position to ascertain thickness of these films. However, we are confident that the 
uncertainty in film thickness is not large enough to come in the way of interpretation of our 
results. When the concentration is initially raised from 2.5 x 10”^M tol x 10“^M i.e. by a factor 
four, the ratio of FWHM of the soret band goes up a factor of 1.4. But when the concentration 
is increased from 1 x 10“'^M to 2.5 x lO'^M (ratio of only 2.5), the ratio of FWHM of the 
same bands increases by a factor of 1.9. Such a difference cannot be accounted by uncertainty 
in film thickness because the films for different concentrations were prepared under more or less 
identical conditions. We believe that there is a tendency for cluster formation or polymerisation 
which sets in at fairly low TPPH concentrations but becomes prominent at around 1 x 10“^ 
molar concentration of TPPH. This is further supported by the fact that at low concentrations 
we see only the soret and the B bands in the blue and near the red regions with practically 
no absorption in the spectral region in between. With increased concentration, the absorption 
can be seen in the intermediate region as well. This also explains why fairly strong non-linear 
signal can be seen at the higher concentration 5 x 10”'^M for those laser lines which have no 
overlap with the soret or the Q bands but lie in the intermediate spectral region (Fig.6.7). In the 
lower concentration samples, the non-linear signal is at least two orders of magnitude weaker 
at these wavelengths. It is interesting to point that in the higher concentration sample, the 
non-linear signal is more or less independent of wavelength of the laser line. This may be due 
to the fact that close to the soret band, the signal is weakened by increased re-absorption in 
the concentrated sample. The absorption profile of the soret bands falls rather steeply (after 
Figs.6.6), 6.7) at the this concentration and consequently gradual changes in the nonlinear signal 
are not seen as at lower concentration. In the intermediate spectral region (between the soret 
and Q bands), the absorption is more or less uniform giving rise to essentially constant nonlinear 
signal in this region. At this stage we do not have a proper explanation for the partial recovery 
of the non-linear signal at 501nm and 514.5nm laser lines, in samples of low concentration. 
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Table 6.2: First order Self-Diffraction efficiency for TPPH doped in BAG at various Ar^^ 
ion wavelengths for different molar concentration 


Wavelength 

Diffraction Efficiency for n=-M order 
at concentration of 

2.5 X 10-®M 

1 X 10-^M 

“ 5 X 10-^M 

457.9nm 

2.1 X 10-3 

1.4 X 10-3 

Absorbing 

476. 5nm 

4.7 X 10-3 

3 X 10-3 

2.8 X lO-'^ 

488.0nm 

1.3 X 10-3 

9.5 X 10-3 

2.5 X lO-'^ 

496. 5nm 

9.3 X 10-3 

4.2 X 10-3 

1.5 X 10-'‘ 

SOlnm 

1.2 X 10-3 

8.4 X 10-3 

1.4 X 10-"^ 

514. 5nm 

1.1 X 10-3 

7.4 X 10-3 

1.2 X 10-'‘ 


It may be due to the onset of polymerisation process or it may actually correspond to phase 
grating away from the linecenter. More work is needed to understand this peculiar feature of 
the non-linear signal. It may however be mentioned that the onset of polymerisation can extend 
very substantially the spectral bandwidth for non-linear optical application in these systems. 


6.4.3 Saturation Characteristics 

To establish that the optical nonlinearity in TPPH is due to the saturation of absorption 
we measured the transmittance of the laser beam through films of TPPH doped in BAG as a 
function of the beam intensity. The experimental setup used was the same as that used for 
similar experiments mentioned in chapter 3. The transmission experiment was done with the 
457. 9nm line of the Ar"*" ion laser (Fig.6.9). The transmission curve starts showing signs of 
nonlinearity around 5 mW of the incident power. As the incident power is increased further the 
transmittance increases, thereby establishing that the optical nonlinearity could be due to the 
saturation of the absorption coefficient. 


6.5 TPPH Derivatives 

TPPH possesses the inner core called the pyrrole ring. The pyrrole ring is planar and 
provides the bulk of tt electrons which are delocalised. The outer rings are phenyl rings. It is 
generally assumed that the phenyl rings are delinked from the pyrrole rings. At best the two 
may be connected loosely. The four phenyl rings are not linked with each other and lie in the 
plane perpendicular to the plane of the pyrrole ring. The tt electrons in the phenyl rings with 
limited delocalisation may not significantly contribute towards the ^molecular polarization or the 
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Argon ion Laser Wavelength (nm) -> 


Figure 6.8: Self-diffracted signal (n=-|-l order) from various concentration of TPPH doped 
in BAG at Argon ion laser wavelengths. The lines are drawn between the experimental 
points to show the trends. 
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non-linearity. It is generally assumed that the phenyl rings are delinked from the pyrrole rings. 
At best the two may be connected loosely. If it is so then any modification on the phenyl ring 
should leave the non-linear signal more or less unaffected. If on the other hand the phenyl rings 
are in some-way linked to the pyrrole rings, and the pyrrole rings contribute significantly to the 
non-linear signal, the modification of the phenyl rings may affect overall tt conjugation process 
and one may see changes in the non-linear signal where the phenyl rings are modified This is 
one of the hypothesis we wanted to test. Further any modifications of the core would certainly 
affect TT- conjugation and hence the nonlinear signal 

The phenyl ring modification was affected by introducing NO 2 molecules. This derivative is 
listed as TPP(N02)4 The NO 2 being electron withdrawing is expected to reduce the electron 
availability in the phenyl rings. Two core modified derivatives were investigated by us for their 
non-linear optical behaviour. One involved bromine, substituting at the /? carbon( shown in the 
figure 6.1) positions of the pyrrole rings. This derivatives is named as BrTPP. Bromine is a 
heavy atom and also an electron withdrawing group. Since it is placed at the /5 position, it 
directly affects the tt conjugation of the porphyrin ring. The second core modified derivative is 
the S 2 TPP in which two of the nitrogen of the TPPH molecule in the pyrrole ring are substituted 
with sulphur atoms. We first study the effect of these modifications on the absorption spectra 
before moving onto the nonlinear studies. 

Absorption spectra of TPPH and its three derivatives, all with 2.5 x 10“®M concentration 
are shown in Fig.6.10. Spectra for these compounds are shown together to facilitate easy 
comparison. All compounds except S 2 TPP show two banded spectra in the spectral range of 
investigation. Table(6.3) shows the peak position, the FWHM and the shifts in the positions of 
various bands. 

BrTPP has red shifted spectrum of the Soret band by about 5 nm whereas the Q band 
has also undergone red shift of nearly the same amount. In TPP(N02)4 the soret band is blue 
shifted by 6nm and the Q band is also blue-shifted by 35nm. There is red shift for S 2 TPP's 
soret band by 30nm and its Q band seems to be either pushed out of the visible spectrum or 
has been washed away. The S 2 TPP soret band overlaps very well with the spectral lines of the 
Argon ion laser. 

The low power absorption constant olqL for different Ar'*' ion laser wavelengths are tabu- 
lated in table6.4. 

We notice that whereas the base molecule TPPH has significant absorption only at 457. 9nm 
laser line, the derivatives have substantial absorption at the other laser lines as well. It is 
interesting to point out that despite the blue shift in TPP(N02)4, its Q band shows substantial 
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Figure 6.10: Absorption Spectrum of 2.5 x 10 ® M concentration porphyrin and its deriva- 
tives doped in boric acid glass 


Table 6.3: Peak positions of soret and the Q bands of TPPH and its derivatives (2.5x10 
concentration) doped in boric acid glass [Fig.6.10] 


Soret (B) Bands 


Peak 

FWHM 

Shift of B 

Sample 

Position 

(B band) 

band w.r.t 


(nm) 

(nm) 

TPPH (nm) 

TPPH 

437.0 

26 


SaTPP 

467.0 

20 

30 (red) 

BrTPP 

442.0 

26 

5 (red) 

TPP(N02)4 

431.0 

23 

6 (blue) 

QE 

tands 


Peak 

FWHM 

Shift of Q 

Sample 

Position 

(Q band) 

band w.r.t 


(nm) 

(nm) 

TPPH(nm) 

TPPH 

666.0 

37 

mmmm 

SsTPP 

not seen 



BrTPP 

672 

37 


TPP(N02)4 

637 

33 
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Table 6.4: a^L values of thin films of boric acid glass doped with TPPH and its deriva- 
tives(All samples had 2.5 x 10~® M concentration) 


Doping 

OLqL clt 

514. 5nm 

488nm 

476. 5nm 

457.9nm 

TPPH 

0.04 

0.056 

0.08 

0.54 

S 2 TPP 

0.1 

0.21 

0.62 

0.63 

BrTPP 

0.08 

0.15 

0.33 

2.01 

TPP(N02)4 

0.31 

0.35 

0.38 

0.55 


Table 6.5: Table showing comparative diffraction efficiency (t?) of n=+l order of self- 
diffraction for different samples 


Sample 

A(nm) 

i/p power 
each beam 

Diffraction Efficiency 
n=-l-l order 

TPPH 

457.9nm 

80mW 

2.1x10-3 

BrTPP 

457.9nm 

80mW 

1.4x10-^ 

S 2 TPP 

457.9nm 

80mW 

5.8x10-® 

TPP(N02)4 

457.9nm 

80mW 

5.2x10-3 


absorption at all wavelengths. This is because the Q band has developed a flat tail on the longer 
wavelength side. 


6.5.1 Diffraction efficiencies of TPPH and its derivatives 

We have measured the first order self-diffracted signal for the four compounds at 457. 9nm 
line of the Argon ion laser. All diffraction efficiencies at this wavelength are measured at 80 
mW of input power of each beam. In the case of S 2 TPP we have also measured the diffraction 
efficiencies at other wavelengths viz at 476. 5nm and 488 nm. However at 488nm we measured 
the diffraction efficiency at 160 mW of input power of each beam because the signal at 80 mW 
beam power was quite weak. The results are tabulated in tables 6.5and 6.6. What we find in 
the tabled. 5 and 6.6 is that the diffraction efficiency is maximum for free base porphyrin TPPH 
and for the rest of them there is substantial decrease in the efficiency at 457.9 nm. At 457.9 
nm S 2 TPP is about two order of magnitudes less efficient than TPPH and BrTPP just an order 
of magnitude less efficient. Even with the absorption band well covered by the argon ion laser 
wavelengths the diffraction efficiencies of S 2 TPP are at best comparable to TPPH at 476.5 nm 
and 488.0 nm. 
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Table 6.6: Table showing comparative diffraction efficiency (t?) of n=+l order of self- 
diffraction for different samples 


Sample 

A(nm) 

i/p power 
each beam 

Diffraction Efficiency 
n=+l order 

TPPH 

457.9nm 

80mW 

2.1x10-3 

S 2 TPP 

457.9nm 

80mW 

5.9x10-® 

TPPH 

476.5iim 

80mW 

1.3x10-® 

S 2 TPP 

476.5nm 

80mW 

9.5x10-® 

TPPH 

488nm 

160mW 

6.9 xlO-® 

S 2 TPP 

488nm 

160mW 

5.8x10-® 


6.5.2 Discussions 

TP PH(tetra phenyl porphyrin) is a planar molecule with 227 r electrons This results in high 
electron density and extended delocalisation which are responsible for the high nonlinearity 
observed in films doped with TPPH. The nonlinear optical signal in organic systems is due 
to the presence of the tt electron cloud. The larger the tt electron density, the greater will 
be the strength of the nonlinearity. Similarly extended delocalisation also generally increases 
the strength of the nonlinearity. BrTPP is obtained from TPPH by Br-substitution of the 0 - 
pyrrole carbon. Because of its position in the porphyrin, it is expected to modify tt conjugation 
character of the porphyrin ring. In addition, being electron withdrawing bromine reduces the 
electron density. However the red shift of the absorption bands in both BrTPP and S 2 TPP 
doped films suggests that the delocalisation has increased. Thus on the one hand, being an 
electron withdrawing group Br reduces the electron density but at the same time because it 
represents heavy atom substitution, the tt delocalisation actually increases. The overall effect is 
that the non-linearity of BrTPP doped film has reduced as compared to that of TPPH doped 
film in BAG. Nitro groups in TPP(N02)4 substitute for hydrogen atoms in the phenyl groups 
which occupy positions in a plane perpendicular to the plane of the porphyrin ring. This should 
not affect the tt delocalisation. However the blue shift in the absorption spectrum suggests that 
the TT delocalisation has decreased. Hence we are not sure at this stage whether the phenyl 
rings have undergone some distortion in the doping process so that the phenyl rings may no 
longer be perpendicular to the pyrrole rings. This will results in establishing link in the tt clouds 
of the pyrrole and the phenyl rings. 

The nitro groups being electron withdrawing groups, will also reduce the electron density. 
This may explain the reduction of the non-linear signal in TPP(N02)4 doped films. Substituting 
two nitrogen atoms in the pyrrole ring by sulphur atoms provides an attractive core modification 
which changes the electronic environment of the porphyrin 7r-system. Being electron donor. 
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sulphur substitution in the core should increase the availability of electrons in the pyrrole ring. 
Further the optical bands are red-shifted indicating an increase in tt delocalisation. This heavy 
core modification is thus expected to increase the intersystem crossing rate and should have 
led to higher nonlinearity or at least comparable nonlinearity with respect to TPPH. But the 
nonlinearity has actually decreased in this case as well. This may be explained if we assume 
that the heavy atom substitution may substantially distort the porphyrin core that it is no 
longer planar, thereby reducing the conjugation and resulting in lower electron density. This will 
result in reduced optical nonlinearity. If this hypothesis is correct, then it suggests that just by 
havmg an internal core modification which enhances the intersystem crossing rate the optical 
nonlinearity may not improve. 


6.6 Conclusions 

In conclusion we would like to mention that 2.5 x 10~®M film of TPPH doped in boric 
acid glass possess one of highest known diffraction efficiencies observed in similar systems. The 
efficiency for self-diffraction in the -hi order is a little over 0.2%. We have made no effort 
to optimise this value. At lower concentration (upto 1 x 10“'^), the diffraction efficiency is 
quite sensitive to the wavelength However, at somewhat higher concentrations the diffraction 
efficiency is nearly constant in the spectral range covered by the Argon ion laser. It may be 
possible to achieve reasonably high optical non-linearities in TPPH doped films over a broad 
spectral range. This may have to do with the onset of polymerisation in the films. We have also 
investigated the effect of introducing electron withdrawing and electron donating molecules in 
specific positions in the pyrrole and the phenyl rings of TPPH. We have not been able to observe 
any increase in diffraction efficiency as a result of these substitutions but the changes observed 
are at least qualitatively well understood. More work is needed for better understanding of these 
system. 
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Chapter 7 


Summary and Conclusions 


In this thesis we have carried out nonlinear optical investigations in boric acid glass films 
doped with Rhodamine 6G, Fluorescein, Tetraphenyl porphyrin and its derivatives. The single 
beam transmission experiments reveal that the transmission never becomes 100% in these films 
at highest powers used in these experiments. The residual absorption is a strong indicator to 
the involvement of the triplet-triplet transitions in the non-linear process in these systems. The 
fine details of the transmission experiment can throw light on the relevance of various relaxation 
processes. It may also be possible to get information on the Ti — >• T 2 bands. 

The energy transfer due to non-degenerate two wave mixing in Rhodamine 6G doped 
in boric acid glass has been studied. Zilio 's theory for the two beam coupling in saturable 
absorbers was extended to interpret the results of our two beam coupling experiments. It 
was found that unless care was used in comparing the theoretical and experimental results, 
quantitative agreement between the two was not possible. The basic parameters of the non- 
linear process such as the saturation intensity and the absorption coefficients of the So — t Si 
and Ti -» T 2 transition must be determined separately from the absorption studies. Only the 
quantities which are directly involved in the two beam coupling process such as the complex 
refractive index should be determined from the two beam coupling results. Good agreement 
between the experimental and theoretical results is possible if this care is exercised. 

The probe beam, in the backward four wave mixing geometry to generate OPC signal, was 
detuned slightly with the help of the moving peizo mirror. This produced a nearly degenerate four 
wave mixing spectrum which was very clean and free of laser jitter. The spectrum obtained is also 
not limited by the instrument resolution. These NDFWM studies were carried on Rhodamine 
6G and Fluorescein doped boric acid glass film. These studies yielded line-profiles of the optical 
transitions (Ti — > So) which are lifetime limited. Some estimate was obtained on the lifetimes 
of the excited state after applying Lorentzian fits to the spectrum obtained. Since the intensity 
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dependences were not studied in great detail, an accurate estimation of the excited state lifetime 
was not possible due to power broadening effects. Narrow band spectrum like that of a narrow 
band optical filter could be seen in both the samples 

In the study of the effect of structural modifications on the third order optical nonlinearity 
in tetraphenyl porphyrin(TPPH) doped in boric acid glass it was found that TPPH doped 
film possess one of the highest known diffraction efficiency (0.2%) in these systems. The 
diffraction process in low concentration film is quite sensitive to the wavelength of light used for 
these studies. However, heavily doped (~ 10~'^M concentration films show reasonably uniform 
diffraction efficiencies over a broad spectrum extending from the blue to red regions of the visible 
spectrum This behaviour is related to the the onset of polymerisation in these films. Structural 
modifications in TPPH were carried out by introducing Bromine, NO 2 and Sulphur atoms in 
various locations within the molecules. Derivatives obtained on chemically substitution were 
S 2 TPP, TPP(N02)4 srid BrTPP. These substituents have the effect of reducing the optical 
nonlinearity. S 2 TPP though providing an attractive heavy core modification also results in 
reduced optical nonlinearity. This is because it also reduces the tt conjugation and thereby 
decreasing the tt electron density and eventually the optical nonlinearity. TPP(N 02)4 has 
electron withdrawing nitro groups on the phenyl rings. It reduces'the electron density and 
thereby reducing the optical nonlinearity. These studies suggest some linkage behaviour between 
the phenyl and the pyrrole rings of TPPH. 


7.1 Future Scope 

The role of the fourth level in R6G dope in BAG has been conclusively established. The 
models incorporating the fourth level to explain the two beam coupling in saturable absorbers 
need to be developed. Also the model needs to bring out the dependence of the two beam 
coupling on the concentration. 

The intensity dependent NDFWM studies reveal the extent of power broadening in the 
narrow band resonances recorded in R6G and Fluorescein doped films. With the kind of narrow 
band spectra obtained in R6G and Fluorescein doped in BAG one should be able to see the 
electro-magnetically induced transparency (EIT) effects in this sample clearly. 

We have observed, not reported in this thesis, some instabilities In the high power trans- 
mission of TPPH doped in BAG. It will be interesting to see optical bistability kind of effects 
in these samples. 






